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1.0 Introduct ion 
The research a c t i v i t i e s  supported by t h i s  cont rac t  include t h e  evaluat ion 
of CCD de t ec to r s  f o r  x-ray astronomy appl ica t ions ,  cont r ibu t ions  t o  the  development 
of an imaging gas s c i n t i l l a t i o n  proport ional  counter,  t h e  eva lua t ion  of certain 
metal oxide c r y s t a l s  as p o t e n t i a l  r ad ia t ion  de tec to r s ,  o p t i c a l  observat ious and 
searches f o r  x-ray sources discovered by t h e  HMO-1 EL? experiment, and t h e o r e t i c a l  
modeling of non equi l ibr ium ioniza t ion  s t r u c t u r e  of supernova remnants. 
2.0 Detector Development 
2.1 
A program of CCD evaluat ion f o r  x-ray astronomy w a s  i n i t i a t e d  w-der a Pres ident ' s  
Evaluation of CCD de tec to r s  f o r  x-ray astronomy 
Fund a t  CalTech (PF173) and the  Jet Propulsion Laboratory i n  Pasadena, Cal i forn ia .  
The purpose of the inves t iga t ion  w a s  t o  i r r a d i a t e  e x i s t i n g  CCD devices  being used 
in o p t i c a l  wavelengths with x-rays t o  determine t h e i r  performance c h a r a c t e r i s t i c s  
as x-ray de tec tors .  
of a few e x i s t i n g  devices. 
show t h a t  t he  o p t i c a l  CCD de t ec to r s  were s e n s i t i v e  t o  x-rays. 
was very poor and the  e f f i c i ency  was low. I n  order  t o  continue t h i s  work, we 
proposed t o  use  som-~ grant  money NAGW-108 as w e l l  as request ing an add i t iona l  
Pres ident ' s  Fund f o r  one more year of e f f o r t .  The ex t r a  support w a s  s t i l l  not 
adequate t o  produce CCD's  more optimally designed f o r  x-ray de tec to r s ,  but did 
pe rmi t  more t e s t i n g  and some e l e c t r o n i c  modifications i n  the  reedout processing. 
The funding w a s  q u i t e  l imited and only allowed f o r  t he  t e s t i n g  
The i n i t i a l  tests were not very encouraging, but  d id  
The energy r e so lu t ion  
One. i m e d i a t e  bene f i t  i o  both the Space Telescope Pro jec t  and the  Gal i leo 
Project  was t h a t  t he  x-ray data provided a good evaluat ion s i g n a l  (which were 
hard t c  obtain using v i s i b l e  l i g h t )  t o  determine parameters f o r  the  o p t i c a l  chips .  
This s i t u a t l m  occured because the  x-ray in t e rac t ion  generated a prec ise  amount of 
charge i n  the CCD which could he used t o  evaluate  charge t r a n s f e r  c h a r a c t e r i s t i c s  
in the s i l i c o n  mater ia l  of the chip. 
Improvements i n  signal processing of the charge t r a n s f e r  in the  th ree  phase 
clocked CCD's resu l ted  i n  a much improved performance. 
sented a t  GSFC on October 6 ,  1981 (Rlegler e t  a1 1981). 
device w a s  evaluated f o r  t h i s  repor t  as w e l l .  
Instruments s ince  they were t he  ones being used f o r  Space te lescope and t h e  
Galileo Project .  
These r e s u l t s  were pre- 
A new v i r t u a l  phase 
A l l  0 ' s  were produced by Texas 
Further t e s t i n g  has continued following t h e  above repor t .  Considerable 
A t  t h i s  t i m e  t h e  improvements have been made as reported by Stern et a1 1983. 
energy reso lu t ion  and de tec t ion  e f f i c i ency  are c lose  t o  the  t h e o r e t i c a l  values  f o r  
s i l i con .  
a r e  now being fabr ica ted  at Texas Instruments, the  reso lu t ion  which is set by t h e  
energy required t o  produce an ion-electron p a i r  and t h e  Fano f ac to r  f o r  s i l i c o n  
w i l l  be real ized.  
It is l i k e l y ,  t h a t  with the  production of x-ray optimized 0 ' s  which 
A proposal w a s  submitted on the  b a s i s  of t he  above r e s u l t s  and has been 
funded by NASA f o r  making X-ray optimized devices and t o  f l y  one of these  de t ec to r s  
on a sounding rocket t o  evaluate  background l eve l s  and de tec to r  performance r.t 
the  focus of a Wolter Type I x-ray telescope. 
3.0 Gas S c i n t i l l a t i o n  Proport ional  Counter Observation of M87 
An Imaging Gas S c i n t i l l a t i o n  Proport ional  Counter (IGSPC) was developed by 
the  Los A l m s  National Laboratory's Astrophysics branch under the  d i r e c t i o n  of 
Dr.  Doyle Evans. D r .  Richard Blake toge ther  with Dr. David Anderson undertook 
the  de tec tor  development a t  LANL. 
(see Tuohy e t  a1 
with super ior  energy r e so lu t ion  and high de tec t ion  e f f ic iency .  
reso lu t ion  achieved f o r  t he  f l i g h t  instrument was 7.9% at 5.9 k e V ,  with a pos i t i on  
reso lu t ion  of Imm at t h i s  energy. 
background re jec t ion .  
the  rocket f l i g h t  which took place on 21 June 1982. 
A 15" diameter Wolter Type I lairror  assembly 
1979) w a s  combined with the  IGSPC t o  form an imaging Instrument 
The energy 
Pulse rise time information w a s  ava i l ab le  f o r  
The following sec t ions  descr ibe  t h e  preliminary r e s u l t s  from 
3.1 S c i e n t i f i c  Rationale and Choice of Target. 
The IPC (Imaging Proportional Counter) flown on t h e  Einstein Observatory 
prosessed good de tec t ion  e f f i c i ency  over t h e  0.2-40 keV energy band, moderate 
spatial  reso lu t ion  ~1 mm, poor energy reso lu t ion ,  120% a t  1.5 keV, and some 
background r e j ec t ion  e f f i c i ency  %50% of the  cosmic rays. I n  order  t o  improve on 
t h i s  c a p a b i l i t y  f o r  fu tu re  x-ray astronomy missions,  b e t t e r  pos i t i on  reso lu t ion ,  
energy reso lu t ion  and background r e j ec t ion  present  themselves as poss ib le  a reas  f o r  
iaves t iga t ion .  The gas s c i n t i l l a t i o n  de tec to r  had been developed over the  previous 
decade, t o  where the  p o s s i b i l i t y  f o r  a s u b s t a n t i a l  gain i n  energy r e so lu t ion  could 
be made. 
Optical  systems could be used to l oca t e  the  l i g h t  pulse  i n  t h e  s c i n t i l l a t i o n  chamber 
e i t h e r  as i n  an Anger Camera used with crystal s c i n t i l l a t o r s ,  o r  by imaging of the  
s c i n t i l l a t i o n  l i g h t  on an o p t i c a l  imaging de tec tor .  
The pos i t ion ing  of an event,  however, posed a more d i f f i c u l t  problem. 
A c lever  so lu t ion  t o  t h i s  problem was discovered by David Anderson, a t  
LANL who showed t h a t  by adding a small amount of TMAE to  a proport ional  counter 
gas t h a t  i t  could be rendered s : i m i t i v e  t o  t h e  UV l i g h t  produced by s c i n t i l l a t i o n  
i n  Xenon gas. This discovery made it possible  t o  combine t h e  superior  enerKv 
reso lu t ion  of the  gas  s c i n t i l l a t i o n  counter with t h e  pos i t ion  reso lu t ion  of t h e  
imaging proport ional  counter. Since t h i s  technique preserved the  inherent good 
timing c h a r a c t e r i s t i c s  of the  proport ional  counter,  t h e  rise t i m e  of t h e  l i g h t  
pulse could be measured a t  t h e  same time 
p r m i d i n g  the  p o s s i b i l i t y  of improved background r e j ec t ion .  
as the  pos i t ion  and energy thereby 
The Einstein observatory has obtained extensive observations of t he  b r i g h t e r  
supernova remnants and c l u s t e r s  of galaxies ,  both c l a s s e s  of t a r g e t s  which are 
the  only ones ava i lab le  for de t a i l ed  observations from sounding rockets.  In  
order t o  obtain improved information over t he  Einstein r e s u l t s ,  i t  is necessary 
t o  make observations with e i t h e r  improved s p e c t r a l  and/or s p a t i a l  c h a r a c t e r i s t i c s .  
The IGSPC offers such a p o s s i b i l i t y  i n  t h a t  t he  ICSPC has the  s p a t i a l  reso lu t ion  
of :he IPC and the  energy resolut ion of the SSS, thereby o f f e r i n g  in one 
observation the  c a p a b i l i t v  of both instruments on the  Einstein Observatory. 
two b r igh te s t  t a r g e t s  with adequate s p a t i a l  extent  and appropriately emi t t ing  
s p e c t r a l  p rope r t i e s  matching the combined telescope-detector 
response are Pup t i  and F87. The l a t t e r  source is a l i t t l e  low in  i n t e n s i t y ,  
but not so low a s  t o  be !;ever\!, photon s t a t i s t i c s  l imited.  
The 
3.2 The Instrument Performance and I n i t i a l  Results 
The IGSFC was flown with t h e  15" Wolter Tvpe I telescope from WSMR on 
2 1  June l u g 2  using a boasted Black Brant (27.068 AH). The f l i g h t  was completely 
successful, in  tha t  M87 was acquired f o r  the e n t i r e  f l i g h t  of some 250 seconds 
above 130 km a l t i t u d e .  The aspect camera showed t h a t  M87 w s s  held t o  witnin 
ahout one rtrsolut ion clement diir ing t h e  ent  i r e  exposure, and posit ioned very 
near the  c r n t c r  oi the d e t w t o r .  
A c a l i b r a t i o n  source i l luminated t h e  de t ec to r  with AtKU x-rays both at t h e  
beginning and end of the  t l i g h t .  The pulse  height  d i s t r i b u t i o n  is shown in 
Figure 2-1, ind ica t ing  an energy reso lu t ion  of abouta22%, a factor of 1.5 
b e t t e r  than a t y p i c a l  proport ional  counter r e so lu t ion  such as obtained on HEAO-1. 
The rise time d i s t r i b u t i o n  of events  produced by the  APKu source provides 
a measure of the  x-ray induced time spread. 
events  come from the region outs ide  of t he  te lescope f i e l d  of view. Their 
d i s t r i b u t i o n  of r ise times is much broader, e spec ia l ly  toward longer rise ti=. 
The r e j ec t ion  e f f i c i ency  f o r  t h i s  p a r t i c u l a r  counter  is about 70% a t  1.5 keV. 
The x-ray rise time d i s t r i b u t i o n  was not found t o  be energy dependent between 
1.5 and 5.9 keV. 
The cosmic ray and gama  ray induced 
The pos i t ion  reso lu t ion  of the  de t ec to r  has been measured i n  the  laboratory 
as a funct ion of energy. 
reso lu t ion  degrades t o  2mm, becoming progressively wars@ as the  energy is lowered. 
A t  t h i s  leve l  of pos i t ion  reso lu t ion ,  the  angular reso lu t ion  rf t he  experiment is 
dominated bv the de tec tor  and not t he  mir rors  which have about Y 2 a r c  minute 
reso lu t ion  (note tha t  l m m  cor:csponds t o  1 . 7  a r c  minutes i n  the  foca l  p l ane ) .  
A t  5 .9  keV the  reso lu t ion  is about lmm.  A t  APKa the  
The rocket f l i g h t  onlv recorded about 600 x-ray events  from M87. This is 
less than an t ic ipa ted  which was mostlv caused by a high threphold on the  low 
energy discr iminator  t o  r e j ec t  noise i n  the  empl i f i e r s  used on the cathode wires 
for posi t  ion sensing. 
Ahout one t h i r d  of the  events  o r ig ina t e  from the c l u s t e r  core  where poss ib le  
heavv element sedimentation and rapid cooling of t he  hot gas mav be occurinp. 
Detailed modeling nnd f i t t i n g  of the  da t a  has  not been completed a t  t h i s  time. 
Given the loti s t a t i s t i c a l  qua l i t v  of the  da ta .  i t  is unlikclv tha t  no more than 
upper limits will he set t o  evolut ion in the c l u s t e r  core res ion .  
Figure Captions 
Figure 1 
In f l i g h t  c a l i b r a t i o n  of the  IGSPC p r i o r  to  and following t h e  M87 observation. 
The energy r e so lu t ion  is about 22%, F'W HM. 
Figure 2 
The rise time d i s t r i b u t i o n  of Atkc, events  compared t o  the  cosmic ray background. 
Figure 3 
The spectrum of t he  core,  inner 4 a r c  minutes, and the  ha lo  of M87. Spec t r a l  
modelling of t h i s  da t a  has not been completed. 
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4.0  Non-Equilibrium X-ray Emission from Young Supernova Remnants 
Young Supernova Remnants (SNR) emit s t rongly i n  the  x-ray band of the  
spectrum. 
emission spectrum (Winkler et  a1 1981, Becker et  a1 1980). Because th-r.1: a d s -  ).L 
l i n e s  are generated i n  a hot  dynamic medium which is undergoing rapid expanbion, 
t he  emission l i n e s  are produced in  a no0 equi l ibr ium condi t lon (Moore and Gtrrire, 
1976, I toh ,  1978). Since young SNR's sti l l  contain a s u b s t a n t i a l  f r a c t i o n  of 
the  e j ec t ed  material of t he  parent star r e l a t i v e  t o  swept up i n t e r s t e l l a r  gas 
!ISM), i t  i s  of grea t  s c i e n t i f i c  i n t e r e s t  t o  attempt t o  determine the  a c t u a l  
abundance of elements in the  SNR with t h e  goal  of determining something about t he  
f i n a l  s tages  of stellar evolut ion and the  enrichment of t he  i n t e r s t e l l a r  medium 
v i a  supernova explosions. Detailed modeling is e s s e n t i a l ,  s ince  the  plasma is 
f a r  from c o l l i s i o n a l  equilibrium. The following ca l cu la t ions  are only a f i r s t  
s t ep  i n  t h i s  inves t iga t ion  s ince  the  de t a i l ed  na ture  of the  i n i t i a l  condi t ions 
fo r  any given SNR such as the densi ty  d i s t r i b u t i o n  of the  l o c a l  ISM and t h e  
i n i t i a l  blast energies  are never known with prec is ion  and c e r t a i n l y  vary from 
remnant t o  remnant. 
cu l a t iona l  methods refer t o  the  CalTech Thesis by the  same t i t l e  wr i t ten  by 
John Nugent Jr. 
Numerous l i n e s  from a va r i e ty  of elements have been observed i n  t h e i r  
For a de ta i l ed  discussion of the  hydrodynamics and cal- 
4.1 Outline of the  Model 
The hydrodynamics are ca lcu la ted  assuming a spher ica l  supernova explosion 
which expands In to  a uniform ISM with particle dens i ty ,  no. The 
EO , of energy, 
energy is assumed i n i t i a l l y  t o  be almost completely contained i n  the  b a l l i s t i c  
motions of the e j e c t a .  The flow of the  gas,  except a t  shock f ron t s ,  is assumed 
t o  be ad iaba t i c ,  so heat  conduction and r ad ia t ive  cooling are neglected.  A n  
e x p l i c i t  s e t  of f inite-element equations r e p e s e n t i n g  the Lagrangian equat ions 
were used i n  the ca lcu la t ion .  These equations,  which were taken from Richtmyer 
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and Morton (1967\, included the  a r t i f i c i a l  v i scos i ty  term, which acts a8 a 
d i s s ipa t ive  mechanism a t  shock f ronts .  
the ejecta w a s  13 and the  number f o r  the  shocked I S l v a r i e d  from 12 t o  24.  
number of s h e l l s  was constrained by CPU memory and time considerat ions.  
c o n t i n u i t i e s  In  dens i ty  a t  the  ejecta/ISM in te r f ace  and a t  the  jump a t  t h e  main 
forward shock were smoothed s l i g h t l y  because of t h e  f i n i t e  number of s h e l l s  
r e su l t i ng  in some minor underestimate of t he  emission from these  regions r e l a t i v e  
t o  the rest of t he  remnant. 
The number of sphe r i ca l  s h e l l s  used f o r  
The 
D l s -  
Thus, given Eo, no, and t h e  mass of the  e jec ted  material, Me, t he  m e a n  tem- 
perature ,  Tm, and t h e  e l ec t ron  dens i ty ,  ne, can be ca lcu la ted  as a funct ion of 
time and radius .  
the  question of non-Coulomb processes a t  the  shock f ron t .  Two extreme cases  
w i l l  be examined. The f i r s t  is t o  assume t h a t  the  e l ec t rons  come across  the  
shock f ron t  "cold" and are subsequently heated by Coulomb-like c o l l i s i o n s  with 
The ca l cu la t ion  of the  e l ec t ron  temperature, Te, depends on 
the  ions. The second is t o  assume t h a t  some mechanism at the  shock f r o n t  Y 
brings the  e l ec t rons  and ions i n t o  thermal equilibrium. Under those cond1tic:is 
Te = Ti = Tm. 
Once the h i s to ry  of Te and ne in a given s h e l l  is 
population of ion ic  s t a t e  with charge, z of an element 
found by in tegra t ing  
known, t he  f r a c t i o n a l  
with nuclear Z ,  c m  be 
where X 
nuclear 2 in  ion ic  s ta te  z t o  ionize t o  s ta te  z + 1 v i a  e l ec t ron  c o l l i s i o n s ,  and 
n r is the r a t e  for  an atom with nuclear  charge 2 and Ionic  s t a t e  t t o  recom- 
bine with an e l e c t r m  t o  form ionic  state 2-1. The f r a c t i o n a l  concentrat ion is 
defined such t h a t  
is the  f r a c t i o n a l  population, ne iz ,z  is the  r a t e  f o r  an atom with 
z ,z  
e Z,z 
;.+1 
Z P 1  
c X Z s z  - 1. 
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The set of values  {Xz 1, % ,1 ,.. ,%,z+l) s h a l l  he rea f t e r  be r e fe r r ed  t o  as the  
9 
ion iza t ion  s t r u c t u r e  of the  element with nuclear  charge 2. 
Some pre-ionization must occur i n  f ron t  of t he  shock f o r  a c o l l i s i o n l e s s  
shock f ron t  i n  r e l a t i v e l y  l o w  state3 of ionizat ion.  Hydrogen and helium are 
assumed t o  be i n i t i a l l y  s t r ipped.  
given i n i t i a l  s tate are: C*, N'5, Ne+5, Mg+5, Si+5, S*, Ar+6, Ca*, Fe*, and 
Ni*. Because of the r e l a t i v e l y  la rge  ion iza t ion  rates tha t  s t i l l  occur a t  these  
e a r l y  s tages  of ion iza t ion ,  the  t r ans i en t  e f f e c t s  caused by t h i s  ad hoc choice of 
i n i t i a l  condi t ions should be eliminated i n  2, 10-20 years. 
The rest of t he  elements considered and t h e i r  
--
The f i n a l  s t e p  is t o  use t h e  e l ec t ron  temparature, e lec t ron  dens i ty ,  and ioni-  
za t ion  s t r u c t u r e  t o  ca l cu la t e  t he  spectrum fram each element i n  each s h e l l .  
modified vers ion of t he  Raymond and Smith plasma code (1977) is used. 
c o l l i s i o n a l  exc i t a t ion  rates f o r  He-like ions were changed t o  those ca lcu la ted  by 
Pradhan, Norcross, and Hummer (1981), which, unl ike earlier ca l cu la t ions  included 
e f f e c t s  of autoioa+.zing resonances. 
qhotons from iso-seoJ?nces with lower ion ic  charge then He-like ions have been 
added. The o r i g i n a l  RAyuz:2, and Suith code only considers i nne r she l l  e x c i t a t i n n  
f o r  Li- l ike,  Be-like, and occasional ly  B-like ions. This is s u f f i c i e n t  i n  a CIE  
plasma because i f  the  temperature is high enough t o  excite K a  emission from 
lower iso-sequences (i.e. i f  Te % EKa) then the  iso-sequences below B-like are i n  
very low concentrations.  
non-ionization equilibrium (NIE) e spec ia l ly  f o r  t he  higher Z elements. 
d e n s i t i e s  and time scales appl icable  i n  the  SNR problem, we fel t  IC was adequate 
t o  augment the  K a  processes only f o r  A r ,  Ca, Fe, and N i .  Innershe l l  exc i t a t ion  
A 
The 
Also, a number or' processes t h a t  produce Ka 
This is not necessar i ly  the case when the plasma is i n  
For the  
t o  the  L-shell has been added, then, f o r  a,: iso-sequences between Li- l ike and 
F-like ions of these elements. In addi t ion ,  fo r  these elements, i i :nershell  
ionizat ion f o r  a l l  lso-sequences below Li-like and the  process of producing K 
s h e l l  vacancies via di-electronic  recombination has been added f o r  iso-sequences 
between Li-l ike and 0-like ions. 
Excitation rates, branching r a t i o s ,  and r e s u l t i n g  photon energies  f o r  t hese  
innershel l  processes are taken from Gronenschild (1979 and references within 
(e.g. Mewe, Schri jver ,  and Sylwester (1980)). 
Both these processes r e s u l t  i n  Ka emission. 
Parameterization of t he  model 
The Input parameters to  t h e  model and t h e  u n i t s  we w i l l  always use are t h e  
i n i t i a l  b l a s t  energy, Eo ( u n i t s  of los1 e r g s ) ,  she densi ty  of t h e  i n t e r s t e l l a r  
medium around the  progenitor star, n ( u n i t s  of 1 ~ m - ~ ) ,  t h e  amount of e j e c t e d  
mass from the progenitor star,  Me ( u n i t s  of %), t h e  age of t h e  remnant, 
( u n i t s  of 1000 y s r s ) ,  the  abundance, r e l a t i v e  t o  hydrogen, of elements in t h e  
0 
t3 
ejecta (normalized t o  t h e  measured s o l a r  value) ,  t h e  abundance, relative t o  
hydrogen, of elements i n  the  ISM (normalized to the  measured s o l a r  value) ,  and 
the dis tance t o  t h e  remnant, D ( u n i t s  of kpc). We a l s o  w i l l  def ine  a " f i l l i n g  
factor", f ,  t h a t  gives the f r a c t i o n  of t h e  s o l i d  angle of t he  remnant t h a t  is 
f i l l e d  with shocked plasma. 
hydrogen, NH ( u n i t s  of 
This la t ter  quant i ty  parameterizes t h e  energy dependent a t tenuat ion  along t h e  l i n e  
of s igh t  due t o  photoelectr ic  absorption and sca t t e r ing .  The Fireman model ( 1 9 7 4 )  
Final ly ,  we a l s o  f i t  f o r  t h e  amount of n e u t r a l  
2 c m  ) intervening between t h e  remnant and the  ea r th .  
was used fo r  t h i s  calculat ion.  
Since the  ca lcu la t ion  of t he  spectrum f o r  a choice of E v L i ,  Me, and t h e  
aL?-, t3, takes a r e l a t i v e l y  l a rge  amount of computer time, i t  is necessary,  in 
order t o  do s p e c t r a l  f i t t i n g ,  t o  i n t e r p o l a t e  from a g r id .  By explo i t ing  a 
scal ing law, w e  need only t o  s t o r e  the  r e s u l t s  on a th ree  dimensional g r id .  
t and D 3' discussed by a number of authors a given set of parameters Eo, no, Me, 
does not produce a unique spectrum (e .g.  Mansfield and Salpeter ,  1 9 1 7 ) .  An 
0' 
As 
i n f i n i t e  set of those f i v e  parameters can be found t h a t  produce t h e  same spectrum 
f o r  t h e  saute abundance set. 
parameter defined as 
'Chis degeneracy can be  discussed i n  term8 of a s c a l i n g  
as w e l l  as a number of "reduced" parameters: 
*e -1a-2M 
e '  B = - = r l  
EO 
and 
T -(:) 1 / 3  t3 a - It3 
A fou r th  reduced parameter is the  reduced emission volume, C ev which is defined as 
2 
Ine dV 
4 aD 
- -  
2 'ev 
and can be expressed as 
aTev f 
4rrD 
0- 
2 'ev 
where Tevt is a function of n,B, and T and I s  defined as 
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13 -5 We w i l l  quota Cev i n  u n i t s  of 10 cm , 
These four  reduced parameter along the  NH and t h e  abundance sets of the  
ejecta and ISM form t h e  parameter rtB*ce *.arched when f i t t i n g  spec t ra .  Once a 
point i n  t h i s  reduced apace is determined t o  be the  bes t  f i t ,  t h e  next  problem 
is to  inver t  from the  f i t t e d  parameters (0~6.t~ and C ) t o  the  physical  super- 
nova parameters (E .n ,M * t  * f B  and D). 
s i x  unknowns. A f i f t h  equat ion can be added t h a t  relates chc angular radiua of 
t he  shock f ront .  8 ,  a measured quant i tv ,  to  R s ' ,  which is defined bv 
ev 
So f a r  v. h a w  shown four  equat ions for o o e 3  
where R 
Since 8D - Rs, we can write 
Is the  true s i re  of the  shock rad ius  snd Rs'  is a funct ion of t3 and t .  
9 
This still leaves t h e  s y s t e m  of equat ions underdetermined bv one V a r i a b h .  
approach w i l l  be t o  assume f t o  be unt tv  and show how t h e  deduced parameters 
scale w t t h  f .  
R 
Our 
Taking t h a t  approach, the  equation for CQv and the equat ion f o r  
' can he comhtncd t o  y ie ld  the  followinp expression for \I :  
d 
and t lw distance is given hy 
K '  s n., _I- 
8 '  
Since il is d i r e c t l y  proportional t o  f ,  each paremeter scales with f as it scales 
with (1. 
We d i g r e s s  a t  t h i s  point t o  give some physical s ign i f icance  to  t h i s  q-13-r 
space. 
"ejected mass-like" axis and t can be thought of as an "age-like" a x i s .  
a few d i f i e r e n t  i n t e  *retations. but for our discussion it is bes t  described as a 
"density-like" axis. The Br plane is where t h e  shape of t h e  pe r t inen t  hydro- 
dvnamic va r i ab le s ,  e l e c t r o n  temperature and dens i ty  BY funct ion of r ad ius  are 
determined. If we l e t  X be  t h e  r a t i o  of t he  r ad ius  to  t h e  shock r ad ius ,  then t h e  
temperature p r o f i l e ,  " ( A )  and t h e  dens i ty  p r o f i l e  divided by I\, o-ln(A), are 
f u n c t i o w  of d and i only. F ina l lv ,  a is measure of the  mean x-ray su r face  
br ightness  . 
As can be seen from its d e f i n i t i o n  above, 6 can be thought of as an 
rl can have 
Various regions i n  t h e  d-t plane can be r e l a t e d  *o t h e  d i f f e r e n t  phases of 
An important quant i tv  for discussing t h i s  demarcation I s  ls the  SNR evolution. 
which is given bv 
5Jb 
t - ,168 
S 
When T - I t h e  remnant is i n  the so-called "free expansion phase". During t h i s  
phwe the  e j e c t a  dominates the hydrodynamics of t h e  remnant which expands at a 
constant r a t e  which depending upon the  i n i t i a l  ve loc i ty  of t he  e j e c t a .  A t  
I - 1 the mass of the  shocked ISM begins t o  exceed t h e  mass o f  t h e  e j e c t a ,  and 
the hydrodvnamic p r o f i l e s  begin t o  approach those of t h e  Sedov s i m  l a r i ty  solu- 
t i w  for a point explosion (Sedov. 1959). The x-rav emission from the  e j e c t a  is 
s i g n i t i c o n t  f o r  T ; 4rS. 
drops  helow a f e w  percent of the t o t a l  emission. 
s 
S'  
Beyond t h a t  time t h e  contr ibut ion of t h e  e j e c t a  emission 
Increasing ii increases  the emission volume of t h e  e j e c t a  component r e l a t i v e  
t o  t h r  emission volume of the shocked ISEland decreases the  r a t i o  of temperature 
i n  the shocked ejecta t o  the  temperature i n  t h e  shocked ISM. 
temperature of the  shock region is inversely proport ional  t o  6 as w e l l .  
Increasing T f o r  a f ixed 6 means a l a rge r  f r a c t i o n  of t h e  x-ray emission comes 
from the  shocked ISM as shock wave sweeps up more interstellar matter. 
temperature of t he  shocked ISM drops monotonically with increasing T - slowly 
during the  f r e e  expansion phase and l i k e  T -6/5 dur ing  t h e  Sedov phase. 
temperature of the  ejecta i n i t i a l l y  rises with T during the  formation of t h e  
reverse  shock but later, a t  t h e  times of interest f o r  t h i s  work, it a l s o  decreases  
with increasing T. 
p ro f i l e .  
e l ec t rons  i n  the  "cold" e l ec t ron  model and t h e  e f f e c t i v e  amount of time f o r  
evolving the ion iza t ion  s t ruc ture .  
heat ing model only) and results i n  t h e  ion iza t ion  s t r u c t u r e  of t h e  heavy elements 
t o  be c lose r  t o  CIE.  
For T < T t he  
S 
The 
The 
For a f ixed B and ~ , n  is a sca l ing  f a c t o r  f o r  t h e  dens i ty  
TIT is proport ional  t o  1 nedt which is the  e f f e c t i v e  time f o r  hea t ing  
Increasing n increases  Te/Ti ( f o r  Coulomb 
Con: x i s o n  with previous work 
Early e f f o r t s  f o r  modeling non-equilibrium SNR, x-ray spec t ra  were made by 
I toh (1977, 1979). He constructed models with and without electron-ion thermal 
equ i l ib ra t ion  behind the  shock f r o n t ,  but  II and 5 were both f ixed i n  h i s  papers. 
The r.sd.el i n  I toh ' s  1979 paper was done with no ejecta a t  a l l .  Concurrently with 
t i : .  model developed f o r  t h i s  t hes i s .  Shul l  (1982) and Hamilton, Sarazin,  and 
Chevalier (HSC; 1982) have a l s o  devised similar models. Shul l  (1982) ca lcu la ted  
models only with n = 1, with the  no e j e c t a ,  and only with electron-ion thermal 
equi1ibr:tion assumed. HSC ca lcu la t e  models varying i n  rl and T ,  f o r  both 
eldctron-ion post shock equ i l ib ra t ion  and f o r  only Coulomb e l ec t ron  heat ing,  but  
again no ejecta cont r ibu t ion  was considered. This work d i f f e r s  from these  other  
e f f o r t s  i n  t h a t  i t  includes the  reverse-shocked e j e c t a  as w e l l  as the  shocked ISM. 
ORIGINAL PAdE 
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The models by I toh  (1979), HSC, and s h u l l  r e l y  exclusively on a Sedov s i m i l a r i t y  
so lu t  ion t o  provide the  hydrodynamic subs t ra te .  
t o  t h i s  work when T >> tg. In t h i s  " fa r  Sedov" l i m i t  t h e  spectrum is completely 
independent of B, and, as is done i n  s h u l l  (1'82) and HSC, T can be converted t o  
a shock temperature as follows: 
This  latter approach is equivalent  
= 5 . 2 ~ - ~ / '  keV . 
*S 
We a l s o  note  t h a t  t h e  d e f i n i t i o n  of rl is s l i g h t l y  d i f f e r e n t  i n  HSC. For comparison 
This t h e s i s  a l s o  is among the  f i r s t  e f f o r t s  a t  f i t t i n g  s p e c t r a l  d a t a  with N I E  models 
where rl varys. (Shul l  and HSC cur ren t ly  have work i n  progress.)  
These three  o ther  NXE models developed p lus  t h e  one described here  are near ly  
independent. 
quan t i t i e s ,  t h ree  o r  four d i f f e r e n t  codes containing the  atomic processes,  and 
d i f f e r e n t  codes f o r  i n t eg ra t ing  the  e l ec t ron  temperature and ion iza t ion  s t r u c t u r e  
were employed i n  these computer models. Despi te  these d i f fe rences  and many o ther  
id iosyncra t ic  d i f fe rences ,  a l l  models seem t o  agree with each o the r  where i t  is 
possible  t o  check. For software sys tems of t h i s  size (2, 10 l i n e s  of code) and 
sub t l e  complexities (numerous) t h i s  is not a t r i v i a l  statement.  
A t  least two d i f f e r e n t  methods f o r  obtaining the  hydrodynamic 
4 
The Far Sedov l i m i t  
The Sedov l i m i t  w i l l  be an important l i m i t  i n  t h i s  t h e s i s  and a convenient 
l i m i t  f o r  discussing some of the  p roae r t i e s  of t h e  process of mapping f i t t e d  
parameters t o  physical parameters. In t h i s  l i m i t ,  
58 2 615 cm-3 ' % 3 . 3  x 10 rl T Tev 9 
and 
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cm 19 ,215 Rs' :: l.5 x 10 
From these r e l a t ions ,  a for a Sedov l i m i t  model is given as 
2 2/5@2 
arcmin n ' r  
II - . I f  n 
13  'ev i n  u n i t s  is the angular rad ius  i n  u n i t s  minutes of arc and C where 8 
of 1013 ~ m ' ~ .  f ,  again,  is a f i l l i n g  f ac to r .  
srcmin 
The d is tance  is given by 
D - l B  
As can be seen from above, i n  
215 
af 
arcmin 
kpc . 8 
the  Sedov l i m i t  the  f i n a l  set of parameters 
s ca l e  qu i t e  d i f f e r e n t l y  with q , t .  and f :  
The higher the  powers t o  which n , i ,  and f are ra i sed  the more severe the  e r r o r  
propagation. 
This leads  u s  t o  Nugent's Corollary of Elurphv's Law of SNR modeling: 
i n t e r e s t i n g  a parameter, the more poorly i t  is constrained". While the  b l a s t  
energy, an  important parameter fo r  such i ssues  as s te l lar  evolut ion and 
nucleosvnthesis of heavy elements, is typ ica l ly  uncertain by en order  of magnitude, 
we can, with dazzl ing precis ion,  measure the amount of garbage around the  
progenitor s t a r .  
So Eo is the least well determined while no is the  bes t  determined. 
"The more 
I n  the way t ~ f  D d i g r e s s i m ,  the  reader may be bothered t h a t  D is  an output 
of the model a s  opposed t o  an input.  In  previous x-ray papers d i scuss ing  SNR's, 
t he  parameters known were Te (from which T could be in fe r r ed  under t h e  
assumption t h a t  T 
three equations r e l a t i n g  these  measured q u a n t i t i e s  to  E 
there  were four "unknowns", one had to  be  f ixed so t h a t  t he  o ther  t h r e e  could be 
determined. 
usual ly  t h e  best  determined "unknown". 
of t h e  NIE models another quant i ty ,  namely 1 nedts is measured from t h e  amount 
of ionizat ion heat ing and, possibly,  from t h e  amount of Coulomb heating. This 
gives  a fourth equation so t h a t  a l l  parameters can be determined. 
S 
= Tm), t h e  angular radius ,  and t h e  x-ray f lux.  There were e 
no, t ,  and D. Since 
0 %  
Unless t h e  age was known from h i s t o r i c a l  records,  t h e  d is tance  was 
H e u r i s t i c a l l y  speaking, with t h e  advent 
Most d i s tance  estimates t o  SNR'S r e l y  on t h e  empir ical  L - D technique using 
r ad io  measurements. I n  some cases,  addi t iona l  estimates have come from analyzing 
h i s t o r i c a l  records of t h e  peak apparent magnitude of t h e  supernovae event ,  or t h e  
progenitor star was a member of a c e r t a i n  star cluster. The use of NIE models i n  
f i t t i n g  x-ray s p e c t r a l  da t a  represents  an independent measure of t h e  d is tance  
t h a t  arises from a non-empirical, physical  model. 
Caveat s 
Before proceeding t o  discuss  the  f i t s  of the  NIE model t o  x-ray s p e c t r a l  
da t a ,  D few caveats a r e  i n  order .  First, d e s p i t e  t he  tou t ing  above, some care  
must be taken i n  accepting the  inferred values of Eo, n t ,  Me, and I). Their 
r a t h e r  f r a g i l e  der iva t ion  could be destroyed by a number of systematic problems. 
Some of the problems t h a t  a r e  suspected or are known to  ex i s t  i n  SNR's include: 
inhomogenities may ex i s t  i n  the ISM; the  ejecta/ISM i n t e r f a c e  is Rayleigh-Taylor 
unstable;  and shocks might not form over the  e n t i r e  s o l i d  angle of t h e  remnant. 
Heat conduction may be another important e f f e c t ,  espec ia l ly  i f  dense e j e c t a  o r  
ISEI clouds are heated t o  shock temperatures. A l l  of these may have a profound 
e f f e c t  on the emergent spectrum. 
0' 
In addi t ion  t o  these hydrodynamic considerat ions,  
systematic unce r t a in t i e s  i n  the  atomic physics as w e l l  as de tec to r  modeling could 
a l s o  swamp any 0 5  the  s t a t i s t i c a l  unce r t a in t i e s .  
In  order  t o  put t h e  NIE model i n  perspective,  a b r i e f  review of t h e  h i s t o r y  of 
x-ray spectral modeling of SNR emission is he lpfu l .  
thermal bremsstrahlung models were f i t  t o  t h e  da t a  with the  caveat t h a t  l ine  
emission and non-equilibrium e f f e c t s  were being ignored. 
t h e o r e t i c a l  work improved multi-temperature CIE models t h a t  included t h e  line 
emission were employed. 
non-equilibrium condi t ions  along with t h e  number of problems out l ined  above s t i l l  
were. 
a lways the expectation of t h e  observer t h a t  t he  parameters derived were ind ica t ive  
of the  real remnant. With the  in t roduct ion  of t h e  N I E  model, t he  l ack  of con- 
s ide ra t ion  of t h e  non-equilibrium e f f e c t s  has  been removed. 
caveats given above, it is s a f e s t  t o  s t i l l  view the  NIE model as a parametrization. 
To a rough npproximation t h e  model is representing a plasma with a c h a r a c t e r i s t i c  
e l ec t ron  temperature and an e f f e c t i v e  ion iza t ion  t i m e  (possibly a second plasma 
i f  the  e j e c t a  is a s i g n i f i c a n t  component t o  the  emission). 
before NIE models the angular s ize ,  x-ray f lux ,  and implied temperature were used 
t o  der ive  remnant parameters. 
e f f e c t i v e  ion iza t ion  time, and otherwise improved t h e  de r iva t ion  procedure; 
however, t he  bas i c  idea is t h e  same as before. 
A t  f i r s t ,  multi-temperature 
Then as d a t a  and 
The l ack  of l i n e  emission was no longer a problem but 
These models were taken t o  be parametriaations of t h e  problem, but  it was 
In  l i g h t  of t h e  
As was discussed above, 
The NIE model has added another measurement, the  
4.2 The Observation of MSH-14-63 (RCW86) 
rlSH 14-63 is the  most l i k e l y  candidate f o r  t he  supernova recorded by the  
Chinese in A.D. 185 (Clark and Stephenson, 1977). While MSH 14-63 is t he  name 
of t he  rad io  source, an alias f o r  the  remnant is RCW 86, which is the  designat ion 
of the  o p t i c a l  filaments. 
early rad io  maps c l e a r l y  resolved a limb brightened s h e l l  with an angular rad ius  
of %20 arcmin (Caswell et al., 1975). Westerlund (1969a) suggested t h a t  t he  rcm- 
nant was assoc ia ted  with an OB assoc ia t ion .  
supernova would be  indicated on t h e  b a s i s  of stellar type. By using spectropho- 
tometric s tud ie s ,  Westerlund determined the  d is tance  t o  the  assoc ia t ion  t o  be 
2.5 kpc. 
made by the Z - D technique. 
Following the  discovery of MSH 14-63 ( H i l l ,  1967), o the r  
If t h i s  were the  case, a Type I1 
This measurement is i n  agreement with the  measurement of t h e  d is tance  
The f i r s t  x-ray observation of MSH 14-63 was made by Naranan et  al. (1977) 
in  the  range 0.5 t o  2.5 keV using an experiment on the  Apollo-Soyuz mission. 
observation was taken i n  the range 0.5 t o  2.5 keV. 
1 t o  30 keV obtained from the  OSO-7 spacecraf t  was reported by Winkler (1978). 
Winkler found t h a t  t he  combined spectrum of the two observations could not  be 
explained by a simple thermal spectrum with a s i n g l e  temperature. 
components each a t  d i f f e r e n t  temperatures were needed t o  adequately explain the  
data .  
be produced by the shocked ISM, was measured t o  be g rea t e r  than 5 keV. The low 
temperature component, measured t o  be 0.22 keV, was a t t r i b u t e d  t o  the  supernova 
e j e c t a  which had been heated by inward propagating shock (McKee, 1974; G u l l ,  1973, 
1975). 
g rea te r  than 5 Ma is required.  
supported the  idea t h a t  blSH 14-63 was formed from a Type I1 supernova located i n  
the OB assoc ia t ion  s tudied by Westerlund. 
The 
The spectrum i n  the  range of 
Rather, two 
The temperature of the  high-temperature component, which is presumed t o  
Using t h i s  reverse-shock mbdel, Winkler determined an e jec ted  mass of 
Winkler concluded t h a t  the x-ray spectral daza 
Because of increased s p e c t r a l  reso lu t ion  and s e n s i t i v i t y  of observations,  
most recent  a t tempts  to  explain the  SNR s p e c t r a l  d a t a  have employed more 
sophis t icated models t o  p red ic t  t he  x-ray spectrum from ho t ,  o p t i c a l l y  t h i n  plas- 
mas tnan the  simple exponential  spectrum used by Winkler. These models e x p l i c i t l y  
c a l c u l a t e  t h e  cont r ibu t ions  from each element in  t h e  plasma t o  t h e  continuum 
emission as w e l l  as t h e  t h e  line emission (Tucker and Koren; 1971, Kato, 1976; 
Raynond and Smith, 1977; Shull ,  1981). For a l a rge  range of condi t ions of t he  
plasma l i n e  emission from heave elements (2 2 6 )  dominates the  spectrum, and as 
was discussed i n  t h e  last chapter,  a simplifying assumption t h a t  is o f t e n  made 
is t h a t  the plasma is i n  c o l l i s i o n a l  ion iza t ion  equi l ibr ium (CIE). 
In  t h i s  chapter we w i l l  present r e s u l t s  of both CIE and NIE models with d a t a  
co l l ec t ed  from MSH 14-63 by t h e  A-2 experiment on t h e  HEAO-1 spacecraf t .  
Ob servat ions 
The observations were made by two d i f f e r e n t  de tec tors  of t he  A-2 experiment 
(Rothschild e t  a l . ,  1979) on board t h e  HMO-1 satel l i te .  The low ellergy pulse  
height da t a  (.5-3 keV) were obtained using t h e  on-axis LED detec tor  while t h e  
spacecraf t  was i n  a scanning mode. 
were taken during a pointed observations using t h e  MED de tec to r .  
The high energy pulse  height  da t a  (2-15 keV) 
Each de tec tor  had two separate  co-aligned f i e l d s  of view. Roughly, t h e  
dimensions of these two f i e l d s  were 1 r 5  x 3" f u l l  width a t  half  maximum (FWHM) 
and 3" x 3" (FWHM). The d a t a  from both of these f i e l d s  were combined t o  obta in  
the f i n a l  data  set  used f o r  the analvsis .  The dimensions of a l l  t he  f i e l d s  of 
view of t he  de tec tor  were l a rge r  than the dimensions of MSH 14-63 (diameter of 
40 arcmin), so the  d a t a  represent t h e  i n t e g r a l  over the e n t i r e  su r face  br ightness  
of t he  remnant. 
The LED detectors had a sensitivity to photons as low in energy as 0.18 keV: 
however, beca1:se of contamination from a Centauri (Nugent and Garmire, 1978) the 
lowest energy data were not used. Since interstellar absorption of the spectrum 
from MSH 14-63 is so great at energies below 0.5 keV, this was not a significant 
loss of information. a Centauri is measured to have a steeply falling spectrum 
(kTe 
a Centauri has a count rate 
facts, combined with fact that the collimator transmissiqi to ca Centauri during 
the MSH 14-63 observations was $ 0.2, gives us confidence that there has been no 
significant cantamination of the pulse height data above 0.5 keV. 
0.15 keV) and in broad band measurements in the energy range above 0.5 keV 
.04 that of MSH 14-63 (Nugent et al., 1982). These 
CIE Fits 
We will first discuss fits of CIE models to the MSH 14-63 data-both a single 
temperature plasma and two-temperature plasma. There are three reasons for this 
digression : 
1) Because bremsstrahlung and radiative recombination from hydrogen and helium 
dominate the spectrum at photons energies 5 4.5 keV, the electron temperature 
and reduced emission volume alone determine the shape and magnitude of the 
spectrum. The determination of the temperature, as we will discuss, will 
eliminate the Coulomb heating models. 
2) Since only a two-termperature model was used by Winkler, we would like to 
apply the same model for purposes of comparison. 
3) We would like to demonstrate how poorly a single temperature CIE model fits 
the data, before proceeding with NIE model fits. 
Two-temperature CIE models assume two separate coronal plasmas of different 
temperatures. In addition to the temperatures and the reduced emission volumes 
of the two different components, other parameters are the elemental- abundances 
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of the  two components, and the i n t e r s t e l l a r  absorpt ion column, N 
R e  r e s u l t s  of the f i t  are shown in Figure la. A reduced X of 1.6 fo r  60 
degrees of freedom is obtained. 
t o  vary was i ron.  The parameter of 
p a r t i c u l a r  i n t e r e s t  t o  t h i s  discussion is t he  higher tamper&ture, .,.1 keV, which 
w i l l  be denoted, Te,high. As mentioned above, a t  photon energie- 4.5 keV t h e  
spectrum is dominated by contlmnm emission from hydrogen - 
Te, high 
The only elemental  abundance t h a t  was allowed 
The r e s u l t s  of the  f i t  are shown in Table 1. 
hel ium and, hence, 
is i n sens i t i ve  t o  NIE e f f e c t s .  
An important r e s u l t  from t h i s  value D f  Ye,high is t h a t  w e  exeludc: t he  whale 
branch of NIE models which assume the  e l ec t rons  are heated by Coulomb c o l l i s i m s .  
Cox and Anderson (19821, using a n a l y t i c  approximations t o  the  Sedov so lu t ions  f o r  
the temperature and d e n s i t i e s  i n  the  i n t e r i o r  of t he  remnant and ana ly t i c  approxi- 
mations f o r  Coulomb heat ing,  showed t h a t  t he  e l ec t ron  temperature is  independent 
. This ":.lateau" temperature 3/14, -4/7 of r ad ius  for times shor t e r  than ~ 3 0 0 0 E ~ ~  
0 
as a funct ion of time is given by 
6/25 
Te 4 1.5 ( t ) -2/25 ( s: )"" (4) keV. 10 ergs 1 cm 1800 years 
In terms of our f i t t i n g  parameters t h i s  equation becomes 
-2/25 2/5 keV Te 5 1.6 T r\ 
As an example, Figure 2 shows the  r e s u l t s  of numerically modeling coulomb hea t ing  
f o r  n = 0.2 and T = 1.2.  
shown with an ana ly t i c  Sedov so lu t ion .  
temperature assuming Coulomb heat ing only. 
and Anderson's approximate so lu t ion  demonstrates exce l len t  agrement .  
The two top graphs shotn ,he dens i ty  and mean temperature 
The t h i r d  graph shows the  e l ec t ron  
The dot ted l i n e  which d isp lays  Cox 
Because Te is i n sens i t i ve  t o  t h e  choice of parameters, an attempt t o  f ind  a 
choice f o r  D,  Eo, and no t h a t  allows Te - Te,,,igh and s a t i s f i e s  t h e  c o n s t r a i n t s  f o r  
angular rad ius  and reduced emission volume produces an absurd r e s u l t .  
D 't 41 Mpc, Eo = 3 x 10' e rps ,  and n = 6 x 
p o s s i b i l i t y ,  then, t h a t  t h e  e l ec t rons  are "cold" a f t e r  having c rc s ses  the  shock 
f ront .  
To w i t :  
~ m ' ~ .  We w i l l  s a f e l y  ignore t h e  a 
Saying t h a t  t he re  exis ts  a t  t h e  shock f ron t  some mechansim other  than Coulomb 
in t e rac t ions  t o  couple the  e l ec t rons  t o  t h e  ions does not prove t.iar t h e  mechanism 
w 3 1 l  be s u f f i c i e n t  t o  br ing  the  e l ec t rons  and ions i n t o  thermal equilibrium. 
a f t e r  passing through t h e  shock, the  e l ec t rons  have obtained a s i g n i f i c a n t  
f r a c t i o n  but not the  t o t a l  amount of t h e i r  equilibrium energy, then t h e  t i m e  scale 
f o r  them t o  reach equilibrium would s t i l l  be as above. 
be t h a t  the  e l ec t ron  temperatures would be higher than those derived by Cox and 
Anderson (1982). 
I f ,  
The only d i f f e rence  would 
Before exploring t h e  f i t s  using t h e  NIE models, w e  wish t o  emphasize t h a t  a 
s ing le  high temperature component does n c t  f i t  t he  da t a  a t  low photon energ!-- 
Figure l b  shows only the  5.1 keV component with a reduced emission volume as 
f i t t e d  i n  the  tw-temperature model. The f l u x  at 1 keV d i f f e r s  from t h e  predic ted  
f l u x  by a f a c t o r  10. 
Review of Parameters 
Before d iscuss ing  r e s u l t s  of t he  godel,  we b r i e f l y  review f o r  t he  reader t h e  
d e f i n i t i o n s  of the  parameters used. The input parameters t o  t h e  model and the  
u n i t s  w e  w i l l  a lways use -re the  i n i t i a l  b l a s t  energy, Eo ( u n i t s  of los1 e r g s ) ,  t he  
dens i ty  of t h e  i n t e r s t e l l a r  medium around t h e  progenitor sLar, no ( u n i t s  of 1 c m  
t h e  aaount of e jec ted  mess from the  progenitor star, Me ( u n i t s  of %), t he  age of 
the  remnant, i ( u n i t s  of 1000 years ) ,  the  abundance, r e l a t i v e  t c  hydrogen, of 
elements i n  the  e j e c t a  (normalized t o  the  measured s o l a r  va lue ) ,  t he  abundance, 
-3 
), 
3 
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r e l a t i v e  t o  hydrogen, of elements i n  the  ISM (normalized t o  t he  measured solar 
value) ,  and the  d is tance  t o  the  remnant, D (units of kpc). 
mapped t o  more convenient set of parameters f o r  purposes of t h e  doing s p e c t r a l  
f i t t i n g .  There is a sca l ing  parameter def ined as 
These parametere are 
and a ..amber of "reduced" parameters: 
e *  6 1 -  = n  E 
0 
and 
A fourth reduced parameter is the reduced emission volume, Cevr which is defined as 
2 ine  dV 
4lID 
cev -2 -  
n , i , $ ,  and Cev are derived from f i t s  t o  the  s p e c t r a l  data .  CL is then de ter -  
mined from the average x-ray sur face  br ightness  by 
where !" is dstermined from q , ; ,  and 1 ac t ion  of so l id  angle  of t he  
remnant f i l l e d  with shocked ptr. ,., 9 of f w i l l  nominallv be assumed t o  
equal unity.  Kith n, the  input pt.rmecers a r e  given by 
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0 0 
and the  d is tance  is given by 
where RS' is a constant determined from the f i t t e d  value of 0 and T .  
When T 5 16B5/6 t he  remnant is  i n  a Scdov phase and t h e  shock temperature, 
Ts, can be given as a function of T by 
keV -6f 5 Ts = 5.2 T 
Non-Ionizat ion Equilibrium Models/Te * Ti 
We are going t o  assume f o r  t he  balance of t h i s  paper t h a t  whatever mechanism 
is responsible for coupliug e lec t rons  t o  ions a t  t h e  shock f ron t  w i l l  b r ing  them 
to  equilibrium on an ignorably s h o r t  time scale. 
w i l l  a lways assume t h a t  Te = Ti - Tm. 
Under t h i s  assumption then w e  
The parameter 8,  as it turned ou t ,  is not a w e l l  constrained parameter for 
t n i s  da t a  s e t .  
values of i3 w i l l  be discussed below; however, w e  w i l l  assume, f o r  s impl ic i ty  and 
de f in i t i veness ,  during most of t h e  discussion of the  MSH 14-63 da ta  t h a t  6 - 1. 
Since the  values of t h a t  f i t  the  d a t a  under t h i s  assumption are %l.l, a d e l i -  
byrate  consequence of t h i s  choice of d is t h a t  we w i l l  be working in  t h e  Sedov 
l i m i t .  There a r e  th ree  advantages t o  t h i s :  
1) 
Results of f i t t i n g  t h e  da t a  with models t h a t  have r e l a t i v e l y  high 
Working i n  a regime of parameter space where emission from the shocked ISM 
dominates the  spectrum is deemed preferable  t o  working i n  regime where t h e  
reversed shocked e j e c t a  was dominant s ince t h e  modeling of the l a t t e r  is  
more controversial .  
2)  Since t h e  spectrum is ineens i t i ve  to  0 i n  t h i s  l i m i t ,  t h e  resul ts  of the  f i t  
are a l s o  in sens i t i ve  t o  the  precise choice of 0, other  than i t  is s u f f i c i e n t l y  
low. 
Models t h a t  are i n  the  Sedov l i m i t  make poss ib le  d i r e c t  comparisons with the  
work of Shul l  (1982) and Hamilton e t  el. (1982). 
3) 
In addi t ion  t o  f i t t i n g  for Cev, %, n. and 'I* we a l s o  allowed the  abundances 
for  Fe, S, and S i  t o  vary. 
at  s o l a r  values  as given by Allen (1976). The r e s u l t s  of t he  bes t  f i t  are displayed 
i n  Table 2 along with the  input parameters in fer red  from assuming the rad ius  of 
the remnant t o  be 20 arcmin. 
showing the  dependence of X on rl and T. 
values of n and T and l e t t i n g  the  balance of the  parameters vary. 
tour is fo r  change of X2 from minimum of 4.6 which corresponds t o  the  minimum 
volume 9OX confidence region f o r  2 parameters (Lampton et a l . ,  1976). 
parison, a contour fo r  AX2 = 10 is a l s o  shown. 
a t  two extremes of the 90% region a r e  shown i n  Table 2. 
The abundance8 f o r  the  rest of t he  elements were f ixed 
Figure 3 shows a display of t he  bes t  f i t  and an insert 
2 2 This X gr id  is ca lcu la ted  by f ix ing  the  
The inner con- 
For com- 
The r e s u l t s  of fits t h a t ' a r e  done 
We w i l l  now discuss  var ious aspec ts  of t h i s  f i t :  
Elemental Abundances 
The over-abundance of the S and Fe was needed pr imari ly  t o  f i t  the K,x l i n e s  
a t  2.4 and 6.7 keV. Because L s h e l l  emission from i ron  is a major cont r ibu tor  t o  
the spectrum a t  ' ~ 1  keV, the reader may be concerned t h a t  t h e  overabundance w a s  
required t o  match the f lux  i n  the LED data .  
case and t h a t  a s o l a r  abundance composition can f i t  t h e  da ta  with the exception 
of the l i n e s ,  we have a l s o  performed a f i t  where a l l  the  elemental  abundances i n  
the NIE model were fixed a t  s o l a r ,  and l i n e s  were inser ted ,  ad hoc, .it the Ka 
energies  of S, Fe, and A r  (2.4, 3.0, and 6.7 keV. respec t ive ly)  t o  compensate 
fo r  the missinf f l u x  a t  those photon energies  and i n  e f f e c t  neu t r a l i ze  the in-  
fluence of the l i n e s  in  the f i t .  The r e s u l t s  of t h e  f i t  a r e  given in Table 3 and 
the f i t  shown in  Figure 4. 
To demonstrate t ha t  t h i s  is not the  
The e f f o c t  of changing the  Fe abundance does have an e . i ec t  on o t h e r  p a r a w t r r r .  
In t h i s  case,  increasing t i  has t h e  effect  of compensating for t h e  lowered c1erac:al 
rbundancar, s ince  t h e  population of Fe XVII and Fe XVIII, both important 1 ke?, 
L-shell emitters, increase dr rmat lca l ly  as rl i r  raised from 0.15 to  0.3. 
Dens i ty ,  age, and NH 
The f i t  to  t h e  combined LW/HED da ta  giver good agreement t o  o the r  known 
properties of MSH 14-b3. 
the  remnant off  the g a l a c t i c  plane (% 80 (Dl2kpc)pc). 
would imply an average hydrogen densl tv  along the  l i n e  of s i g h t  t o  t h e  remnant 
of 1 0 . 7  ( 2  kpc/D) .  
remnant off t h e  gu lac t i c  plane. 
The denr i ty  of 0.1-0.3 is reasonable for t h e  height of 
The maru red  value of FH 
This is also a reasonable value consider in8 t h e  angle  of thQ 
Most importantlv, thd f i t t e d  values  of t he  age are in reasonable agreement 
w i t h  the ajia of 1800 pears known from Chinese astronomical records. 
i f  one assumes an ape of 1800 vcars, then tho average x-ray sur face  br ightness  is 
consts tcnt  the measured value. This not a t r i v i a l  statement s i n c e  t h e  average 
x-rav surface br ightness  s c a l e s  as . A large f r a c t i o n  of  t h e  volume of the 
remnant cannot be filled with II plasma which had a much higher  ri than t h a w  
f t t t ed ahovc . 
Alterna t ive ly ,  
2 
FQ K l t n e  
L, 
The Fo K,, i s  an ; t t r a c t t v a  fentura  fo r  s t u d y  hecausa i t  is prominunt and 
measuremvnt o f  the  surroundinr: continuum is easy. The l i n e  is campascd of a 
blond o f  l i n e s  around 1, b.b  keV from many d t f f e r e n t  i m i c  spec ie s  of iron. There 
are two rnc~mn1tr.s conczrninR the l i n e  in tho NIT. madel: 
1) Air over-abundance of iron must ha assumed t o  sxp1:rin t h e  equivalent width of 
the Ienturrr. 
2 )  'Tho ccntroLJ o f  the  1 tnc feature t n  the dnta t s  apparently s h i f t e d  t o  higher 
oncrplcvs w l t l r  respect t o  t lw prcdtctcd l t n c  fent i i re .  Thcsc d r i f t s  tn t he  cen- 
t r o l d  arc \ 1W e\' t o  1,iwdr energlt*s. Dnpp\cr R l r i f t o  can prohnhlv ht- ruled 
out  s ince  t h e  shock ve loc i ty  implied from the  x-ray temperature could at most 
produce a s h i f t  of 1.40 eV i f  a l l  t h e  i ron-l ine emi t t ing  material w e  
f a r  s i d e  of t he  remnant. 
on t h e  
In  a 5 keV plasma which is i n  C I E ,  t h e  most prominent l ines arise from H- 
l i k e  and, more so, He-like ions,  but when t h e  plasma is out  of CIE t h e  populatior. 
of these ions can be seve r lp  diminished. 
MSH 1l:-63, predicted by t h e  above N I E  f i t s  t h e  proclinent iso-sequences are S-like 
t o  F-like ions. The emission, which r e s u l t s  followinq inne r she l l  ion iza t ions  of 
t hese  ions,  has  photon energ ies  of %200 e V  lower then t h e  c h a r a c t e r i s t i c  Ka radi-  
a t i o n  from He-like and H-like ions. A t  greater ion iza t ion  times t h e  ion iza t ion  
s t r u c t u r e  becomes more advanced. The c h a r a c t e r i s t i c  energy of t h e  l i n e  photons 
increases  with increasing ion ic  charge. The e f f i c i e n c y  of ions below C-like f o r  
producing Kb is general ly  lower than t h e  s t rong  He-like ion by a f a c t o r  of %3. 
The C, B,  and Be-like ions,  on t h e  other  hand, produce comparabls amounts of Ka 
from inne r she l l  e x c i t a t i o n s  v i a  d i e l c c t r o n i c  recombination. 
Given t h e  ion iza t ion  time, (fi-e:t). ‘.n 
To reconci le  t he  obsenred i ron f e a t u r e  i n  t h e  MSN 14-63 da ta  two requirements 
i n  some region are required.  
Te 2 5 keV. 
t h a t  of t h e  models used i n  the  f i ts  abotte. The la t te r  requirement is necessary t o  
s tar t  populating the ionic  states a t  o r  above t h e  C-like isosequence. The charac- 
t e r i s t i c  rad ia t ion  from these ions Is not only a t  higher photon energ?-es, but 
again,  these Ions a l s o  have higher c?f f i c i enc ie s  f o r  producing Ku. 
F i r s t ,  i n  order t o  produce Fe Ka emission a t  a l l ,  
Second, t h e  e f f e c t i v e  Ionizat ion time would have t o  be X 5 times 
In  order  t o  quantify t h i s  discussion,  w e  w i l l  perform N I E  model f l t s  on j u s t  
t h e  da t a  4.5 keV. 
f i t t i n g  the  da t a  a t  lower energies  which are dominated by l i n e  emission. 
consider only four parameters: q, T, C ev * 
amount of N which only marginally a f f e c t s  t he  da t a  a t  these energies  was f ixed 
Using these da t a  w i l l  avoid many assumptions Involved with 
We w i l l  
and the  abundance of i ron ,  AFe. The 
H’ 
at the  f i t t e d  value from above and the  abundances of a l l  o ther  elements were f ixed  
at  so l a r .  I n  way of review before  proceeding, T is primari ly  responsible  f o r  t h e  
shape of t h e  continuum, TIT is proport ional  t o  la d t ,  % 
equivalent  width ( s t rength)  of t h e  l i n e ,  and Cev acts as an o v e r a l l  scale fac tor .  
T and Cev are w e l l  determined by t h e  continuum and w i l l  not  change by more than 
10% f o r  t h i s  discussion. 
is proport ional  t o  t h e  e e 
Figure 5a shows a f i t  done with n f ixed  a t  0.2 and the  balance of t h e  parame- 
ters l e f t  t o  vary. 
As noted above, t he  model shows a d i s t i n c t  s h i f t  of 2, 150 eV to lower energies  and 
an abundance enhancement of f a c t o r  of 3.2 over s o l a r  is needed t o  explain the  
i n t e n s i t y  of the feature .  
with a value of rl = 3.1. 
l i n e  f i t  b e t t e r  a t  t h i s  value of n (The improvement i n  X w a s  2, 111, but  it does 
so with an abundance much c lose r  t o  so l a r .  
ranged from 1 t o  6 .  
The non-iron cont r ibu t ions  t o  t h e  spec t r a  have been subtracted.  
I f  we now unpin the  value of n, a b e s t  f i t  is obtained 
This f i t  is disp1a)-ed i n  Figure 5b. Not only does t h e  
2 
The 95% confidence region (2a) for n 
(Even at TI - 6 t he re  are st i l l  s i g n i f i c a n t  devia t ions  f o r  CIE.) 
F ina l ly  the same region w a s  f i t  with a CIE model. Now a s i n g l e  e l ec t ron  
temperature, T, has replaced T. The f i t  displayed i n  Figure 5c, a l s o  shows a w e l l  
centered l i n e  with near s o l a r  abundance; however, the  CIE  model p red ic t s  too  much 
emission a t  'L 8 keV. This l i n e  f ea tu re ,  which has  been re fer red  t o  as KB (e.g. 
Pravdo and Smith, 1979), contains  n=3 t o  n= l  t r a n s i t i o n s  from 8-l ike and He-like 
Fe and Ka emission from N i .  
abundant than Fe by a f ac to r  of %18. 
Pravdo and Smith as a d iagnos t ic  f o r  CIE s ince  it is very s e n s i t i v e  t o  the  population 
of the He and H-like ions  i n  Fe. 
and 'L 9 keV increased by 12.1 from bes t  f i t  N I E  t o  bes t  f i t  CIE. 
which is evidence aga ins t  the plasma being i n  CIE, came primari ly  from cont r ibu t ions  
around the KB feature. 
The Fe component tends t o  dominate because Ni is less 
The r a t i o  of K8 t o  Kcr has been used by 
2 The X of the  f i t  t o  da t a  po in t s  between z 5 . 5  keV 
This increase, 
Taking t h e  bes t  f i t  value of q from the Fe-line f i t s  what can one say about 
t he  remnant? 
r u l e  out a model where plasma of t h i s  na ture  f i l l s  t he  ent i re  volume of the rem-  
nant. For f i l l i n g  f a c t o r s  near un i ty ,  the d is tance  would need t o  be 200 kpc and 
the  age, 3 x 10 years. F i l l i n g  f a c t o r s  of sl% would be  adequate, although we 
know from x-ray images probably 50-75% of the  remnant is f i l l e d  with plasma. 
These x-ray images (P i sa r sk i ,  p r iva t e  communication) show a limb brightened s h e l l  
t h a t  has la rge  v a r i a t i o n s  in sur face  br ightness  as a funct ion of angle around the  
r ing  - the  b r igh te s t  region behind in the  SW. 
deviat ions from a c i r c u l a r  r ing.  
t o  have a smaller rad ius  of curvature.  
are densi ty  inhomogenities on var ious d i f f e r e n t  s ize  scales present  i n  the remnant. 
F i r s t ,  because t h e  sur face  br ightness  (or  a) scales as n2, we can 
6 
In add i t ion  t h e r e  are not iceable  
There is some cor re l a t ion  f o r  b r igh te r  regions 
A l l  of t h i s  suggests  t h a t  t he re  probably 
Since the  models ca lcu la ted  above assume a homogeneous ISM, they are what 
we would cal l  "single-rl" model. 
t o  requi re  is, i n  8 sense, a "multi-rl" model. 
temperature'' models, we would argue f o r  low n's t o  explain the  shape and f l u x  of 
the low energy emission and high q's t o  explain t h e  shape and f l u x  of the  high 
energy l i nes .  
What the  s p e c t r a l  da t a  and the  x-ray image seem 
Somewhat analogous t o  "two- 
l h e  high-n components could f o r  example be explained as dense c loud le t s  t h a t  
are heated by conduction t o  temperatures of the  post-shock region. Another 
possible  soxrce of material i n  the  remnant with high ion iza t ion  t i m e  is the  
e j ec t a .  
temperatures a r e  not high enough (McKee, 1974; Gull ,  1974, 1975). There have 
been two mechanisms suggested fo r  mixing the  e j e c t a  in to  the  h o t t e r ,  srrocked ISM 
regions - ne i the r  was appropriate  i o r  inclusion i n  one-dimensional hydrodynamic 
model. I f  the e j e c t a  was i n i t i a l l y  i n  a smooth s h e l l ,  the  contact  sur face  be- 
tween the s h e l l  and the  shocked ISW would become Rayleigh-Taylor unstable  
(e.g.  Gull 1975). Fingers of t h i s  dense e j e c t a  mater ia l  could then break away 
The reverse shock cannot be the  source of the K3 emission s ince  the  
from the  rest of t h e  e jec ted  material and be heated t o  temperatures comparable to  
t h e  shocked ISM by hea t  conduction (Chevalier,  1975). Alternativtrly, sor* of t h e  
ejecta could i n i t i a l l y  be in clumps t o  begin with (Chevalier 1977). 
t o  being heated by shock waves due t o  pressure d i f f e r e n c e s  betwten tt'e clump 
i n t e r i o r  and t h e  shocked ISM, t h e  higher  temperatures could, again,  be obtained 
by heat conduction. 
I.. e?di:Ion 
Distance 
We t u r n  our a t t e n t i o n  next to  t h e  question of t he  d is tance  to  MSH 14-63. As 
mentioned i n  t h e  introduct ion,  Westerlund (1969a) has  measured t h e  d is tance  t o  an 
OB s t a r  assoc ia t ion  i n  t h e  d i r e c t i o n  of MSH 14-63 by spectrophotometric technique. 
He f i n d s  a d is tance  modulus of 12.0 + - 0.2 which corresponds t o  a d is tance  2.5 kpc 
with an uncertainty of roughly 0.2 kpc. 
r e l a t e d  t o  the x-ray -3easurements discussed here  which argue for t h e  d is tance  
being much c l o s e r  ($1.6 kpc). 
This is inconsis tent  with t h e  d is tances  
Given t h a t  t h e  age is known, t he  b e s t  method f o r  discussing the  l i m i t s  on 
the dis tance by x-ray measurements is, again,  t o  work only with da t a  above 4.5 keV. 
Here the  only assumptions are t h a t  t h e  remnant can be approximated by a Sedov 
b l a s t  wave, t h a t  t he  e l ec t ron  temperature is equal  t o  t h e  mean temperature, t h a t  
the age is 1800 years,  and t h a t  t h e  angular r ad ius  of t he  shock f ron t  is 20 arcmin. 
The dis tance is then given a s  
,n )  (1800 years . --r - - I 
The minimum volume 95% conficence region (20) i n  T extends from 0.9 t o  1.2.  
lower l i m i t  of 0.9 (an upper l i m i t  on the  shock temperature of 26 keV) gives  an 
upper l i m i t  on the  d is tance  of 1 . 7  kpc. 
agr2e with Westerlund result would r equ i r e  t 2 0.55 (plasma temperatures of 
12-15 keV), which can be ruled out .  I t  is ,  of course,  possible  t h a t  t he  progenitor 
The 
For t he  x-ray determined d is tance  t o  
f o r  MSH 14-63 was not a member of Westerlund's OB assoc ia t ion ;  however, we do 
point out  t h a t  any deviat ions from t h e  assumptions s t a t e d  above would tend t o  
make us  underestimate t h e  distance.  
F i r s t ,  even though t h e  longest angular dimension of t h e  x-ray emission is 40 
arcmin, t he  b r i g h t e s t  regions - those dominating t h e  x-ray s p e c t r a  - appear t o  
have a smaller r ad ius  of curvature,  maybe as small as 15 arcmin. 
desp i te  some non-Boulomb e l e c t r o n  heat ing a t  t h e  shock f r o n t ,  Te is st i l l  less 
than Ti, than the shock temperature would be underestimated by our  measurement 
of Tx. 
a l te r  the  i n t e r p r e t a t i o n .  
p a r t  of its l i f e t i m e ,  t he  shock i n  t h e  SW p a r t  of MSH 14-63 moved i n t o  a denser 
Second, i f ,  
Final ly ,  t he  introduct ion of densi ty  inhomogenities i n t o  t h e  remnant can 
I f ,  f o r  example, a f t e r  Expanding f o r  a s i g n i f i c a n t  
region, t h e  shock temperature would be lower than t h e  r ad ius  would imply. 
F ina l ly ,  while a temperature of 12-15 keV can be ruled o u t  i f  t h e  x-rays were a l l  
a r i s i n g  from a post-Sedov shock, a t h i n ,  hot  component r e l a t e d  t o  t h e  postshock 
regions could e x i s t  t h a t  w a s  being overwhelmed by cooler  emission from denser 
regions. The observations lack t h e  s e n s i t i v i t y  t o  d e t e c t  such a hot component 
under these conditions.  
A lower l i m i t  can be set  f o r  t he  d is tance  by assuming t h a t  t h e  remnant i s  
s t i l l  i n  t h e  e a r l y  free expansion phase. A lower l i m i t  of the k i n e t i c  temperature 
of t h e  shock of 5 keV would imply a constant expansion ve loc i ty  of 2100 km s-'. 
Assuming, again,  an age of 1800 years  and an angular r ad ius  of 20 arcmin y i e l d s  
a lower l i m i t  on the  d is tance  of 700 pc.  
Elrtssion from the e j e c t a  
The value of d has consequences for demonstrating the  exis tence of t h e  
reverse-shock e j e c t a  component and measuring the  mass of the  e jec ted  mater ia l .  
As was mentioned above, d was nbc a w e l l  constrained parameter. We f i t  the da t a  
with values of d ranging from 1 t o  10 w i t h  no more than a change of roughly uni ty  
i n  the value of XL. 
3 
A t  low values of d t h e  e j e c t a  was only a few percent of t he  
t o t a l  emission at 1, 1 keV and, thus,  did not s i g n i f i c a n t l y  e f f e c t  t h e  spectrum. 
A t  higher values of B t he  f r a c t i o n  of emission from the  ejecta became dominant 
bu t  t he  temperature of the  ejecta decreases. The ejecta's dominance of t h e  
'spectrum occurred a t  less than 0.5 keV where interstellar absorption makes 
observations d i f f i c u l t .  
t o  the  shocked ISM a t  1 k e V ,  bu t  as with discussion on the  i r o n  abundance, 
varying the  value of 0, which var ied  t h e  cont r ibu t ion  t o  t h e  % 1 keV emission 
from the  shocked ISM, could compensate f o r  any changes i n  the  e j e c t a  emission. 
In low re sc lu t ion  we were not  a b l e  t o  decouple the  components. 
The amount of emission from t h e  ejecta was comparable 
Using much the  same argument f o r  providing a laser l i m i t  t o  t h e  d i s t ance  w e  
can put an upper l i m i t  on t h e  s ize  of B of ?, 40. 
produce shock v e l o c i t i e s  t h a t  were too  low t o  produce a 5 keV plasma during t h e  
l i f e t i m e  of t he  remnant. 
h y  value higher than t h a t  would 
Blast Energy 
Knowledge of t he  b l a s t  energy has a d i r e c t  app l i ca t ion  t o  accessing whether 
the  progenitor of MSH 14-63 is a Type I o r  Type I1 supernova. The i s s u e  of t h e  
a s soc ia t ion  of MSH 14-63 with the  OB star group a l s o  relate. the  question of t h e  
t y p e  of SN explosion t h a t  formed the  remnant. 
suggest t h a t  t h e  FISH 14-63 was a Type I1 supernovae (Shklovsky, 1962), s ince  
Type 11 supernova are thought t o  occur i n  massive stars. 
The a s soc ia t ion  would s t rongly  
The resuits of t he  stendard NIE model with 8 fixed a t  uni ty  which are given 
50 i n  Table 2 would ind ica t e  t h a t  t he  b l a s t  energy, Eo, was 5 6 x 10 
ever,  as the d iscuss ion  i n  Chapter 2 pointed ou t ,  E l s  a very s e n s i t i v e  function 
ergs.  How- 
0 
of n. Fixing t h e  abundances t o  s o l a r ,  fo r  example, moved the  in fe r r ed  value of 
t h e  b l a s t  energy up t o  % 1 . 2  x 10 This l a r g e  range of uncer ta in ty  i n  Eo 
along with the l a rge  range of uncer ta in ty  i n  the  mass of the  e j e c t a ,  Me does not 
allow an unambiguous a s se r t ion  a s  t o  the  t y p e  of supernova explosion. 
51 ergs .  
[Fe XIV] Emission 
Lucke et al. (1979) have made measurements of the [Fe XIVlA5303 emission 
ergs cm'2 s-l from line in RCW86. 
summing four 5 arcmin circular fields in the SW part of the remnant at the shock 
front. The dereddened flux was given as 1.4 x ergs 8-l. In CiE, [Fe 
XIV] emission peaks rather sharply at 2.1 x 10 K. For CIE plasmas with 
Te % 1.5 x 10 
precipitously as a function of temperature. 
servation in terms of the two-temperature model fit to the x-ray data. 
ignored the high-temperature blast-wave component, because under the assumption 
of CIE the amount of [Fe XIV] emission would be negligible at the measured tempera- 
ture of 6 x 10 K. Rather, they suggested associating their flux with the alleged 
They observed a flux of 2.28 + - .98 x 
6 
6 6 K or Te It 3.0 x 10 K the emissivity of the A5303 line drops 
The authors-interpreted their ob- 
They 
7 
low-temperature x-ray component (2.5 T6 6) or an even lower temperature 
component which they argue would be difficult for x-ray detectors to detect 
because the bulk of this emission would be attenuated by photoelectric absorption 
in the intervening ISM. 
Though it is possible that these low temperature compoaents exist, we would 
like to put forth an argument that ignoring the high-temperature blast wave is 
not justified. Because of the time-dependent nature of the ionization behind the 
shock, a shell of [Fe XIV] is produced which has sufficient emission volume as to 
produce a flux comparable to that observed. 
The unattenuated [Fs XIV] A5303 flux observed at the earth, S, from the blast 
wave of a remnant at a given time is 
0 
2 fob S =  4nD 
where RS is the  shock rad ius ,  ne i s  the  e l ec t ron  dens i ty ,  P14 i s  the  emiss iv i ty  of 
the l i n e  assuming a s o l a r  abundance fo r  t he  i ron  ( f rop  Allen, 1976) and 100% 
concentration of the iron i n  the [Fe XIV] ion ic  state, %e is the  abundance of 
i ron i n  u n i t s  of s o l a r ,  X is  t h e  f r a c t i o n a l  concentrat ion of t he  [Fe XIV] i on ic  
state, r is  an in t eg ra t ion  va r i ab le ,  D is t h e  d is tance  t o  t h e  remnant, and fob is 
a cor rec t ion  f o r  a beam s i z e  less than t h e  s i z e  of t he  remnant. 
t h e  most rap id ly  changing q u a n t i t i e s  behind t h e  shock so w e  approximate the 
equation f o r  S as 
14 
2 
ICl4 and ne are 
where <X > is t he  emission weighted average of the  X l 4  and is given as 14 
R 
0 rs ne2%4r2dr 
Rs 2 2 J ne r d r  
<X14> = 
0 
The [Fe XIV] A5303 l i n e  results from the forbidden t r a n s i t i o n  
2 2  2 2 3s 3P PlI2 - P312. Population of t he  P l e v e l  r e s u l t s  from d i r e c t  e l ec t ron  312 
exc i t a t ion  of the  ground s t a t e  o r  from cascades following e l ec t ron  e x c i t a t i o n  t o  
higher energy l eve l s .  In  general ,  the  emiss iv i ty ,  f o r  an atcjmic l i n e  from an 
element with nuclear  charge 2 and ionic  charge 2,  i n  an o p t i c a l l y  th in  plasma of 
temperature T and r e s u l t i n g  from e lec t ron  c o l l i s i o n a l  exc i t a t ion  is given by e’ 
EXZ -- 
7 P * %,z (2) 1 . 7 1  x 1O-l’ Ti1I2Zeff (t) e e ergs  cm -2 s -1 iCT 
n e 
where X, is f r ac t iona l  ion ic  concentrat ion,  (n,/n,) is the  number f r a c t i o n  of 
the element r e l a t i v e  t o  hydrogen, (E/IH) is  the energy of t h e  emitted photon In 
L,2  
rydbergs, is the e f f e c t i v e  c o l l i s i o n  s t r eng th ,  E is the  e x c i t a t i o n  energy, -ef f ex 
ORIGINAL PAGE IS 
OF QUAL'Tr 
6 and T6 is t h e  e lec t ron  temperature i n  u n i t s  of 10 t h e  frac- 
t i o n a l  i on ic  concentration is set t o  un i ty ,  t h e  exponential  f a c t o r  is set  t o  uni ty  
because kTe >> E 
value f o r  t e f f  
mer and Osterbrock (1970). 
higher l eve l s .  
K. To arrive a t  P 14' 
and t h e  elemental abundance . * -  taken from Allen ( 1 9 7 0 .  A ex' 
of %3 is obtained by ex t rapola t ing  from a graph given i n  Nussbau- 
C e f f  includes cascades following e x c i t a t i o n  t o  
The r e s u l t i n g  expression f o r  P14 is 
Te -1/2 teff 3 - e r g s  s-l cm . p14 - 3.51 - 3 106K 
We w i l l  also include A5303 photons produced following ion iza t ions  of Fe XI11 
t o  FE XIV.  
c a l c u l a t e  t h a t  462 of t h e  ion iza t ions  w i l l  r e s u l t  i n  X5303. 
rates from Raymond and Smith (19771, we can c a l c u l a t e  an analogous expres-ion 
Using branching r a t i o s  given by Nussbaume? and Osterbrook (19701, w e  
Taking ionization 
t o  P14 f o r  P13: 
7 -1 3 p13(~, .t 10 K) = 3.4 x e r g s  s cm . 
7 We use a nominal value of 5 x 10 f o r  Te and 1.4 x 1013 f o r  Cev. For t he  
ca lcu la t ion  of < X  > w e  w i l l  assume t h a t  a t  t h e  shock, a t  least ,  a low r~ model as 
va l id .  For rl = 0.16 and T = 1 . 2 ,  <X14> 0.18 and <X13> = 0.16. W t  istimate 
fob ,  which is f r ac t ion  of emission volume observed, t o  be 0.07. This c a l c c l a t i o n  
of fob incorporated e f f e c t s  of limb brightening. 
9 x 10-l~ ergs  s-'. 
14 
% %  
These values given S equal  t o  
This number is less than the  measured value by a f a c t o r  of ~ 1 3 ,  but t h ree  
good p o s s i b i i i t i e s  t h a t  could br ing the c a l c u l a t i o n  more i n t o  agreement are: 
1) The i ron abundance of the shocked material could be high by a f a c t o r  of 2-3 
times so la r .  
2) Lucke e t  el. observed i n  the  region of t h e  most intense x-ray emission. 
implies t h a t  t h e  .Jst-shock d e n s i t i e s  might be higher  i n  t h i s  region. 
d e n s i t i e s  sh r i ck  t h e  X14 by a f a c t c r  of ne-’, but they increase  the. su r f ace  
This 
Higher 
2 brightness ,  which is proport ional  t o  Cevfob, by ne . 
scales l i k e  ne. 
The Lucke e t  al .  measured value f o r  S is dependent on deredderdng. 
took 2 mag of ex t inc t ion  from rhe measurements by Westerlund (1967) which 
assume t h a t  t h e  remnant is In t h e  OB &sociation. If  it is closer as t h e  
x-ray datt. suggest,  t h e  reddening cor rec t ion  would be lcwer Lhan t h e  one used. 
The r e s u l t i n g  value of S 
3) They 
Given t h e  c n c e r t a i n t i e s  i n  t h e  input parameters , s t a t i s t i c a l  u n c e r t a i n t i e s ,  
and u n c e r t a i n t i e s  i n  t h e  dereddening, t h i s  predicted f l u x  might be cons is ten t  with 
the  O f x  measured. A t  t h e  very least, t h e  LFe XIVj f l u x  from t h e  high temperature 
b l a s t  wave component cannot be dismissed as l i g h c l y  36 Lwke e t  al .  suggest i f  
t h e  plasma is wt i n  CIE. 
C I E  i n  a % 5 keV plasma is decreased % 20 orders  of Eagnitude from t h e  NIE r n s u l t .  
For comparison, we note  t h a t  t h e  value of S assuming 
Conclusj on 
In  summary, t h e  r e s u l t s  of t h i s  chapter a r o  t h e  following: 
1. A s ign i f  icant  non-Coulomb, ion-electron i n t e r a c t i o n  is vccurring i n  the  rem- 
nant,  presumably a t  t h e  shoclc f ron t .  
The da ta  can be f i t  by a model with l i t t l e  o r  no emlsaion from any source 
other  than t h e  shocked ISM with an age which is cons is ten t  with t h a t  of MSH 
2.  
14-63. 
3. Anomalous abundance9 of heavy elements and possible  discrepancies  i n  t h e  
czntroid and shape of t he  Fe Kcr f ea tu re  could be explained by inhomogenities 
i n  the ISM densi ty  o r  by ejecta t h a t  have cume to  thermal equi l ibr ium with 
the  shocked ISM. 
4. Under the assumptions of t h e  model, t he  dis tance t o  the  MSH 14-63 is incon- 
s i s t e n t  with dis tance measured t o  ap OB a s s o c k t i o n  i n  the d i r e c t i o n  of t h e  
remnant; however, plausible deviations In the model assumptions might explain 
the discrepancy. 
Future observations with good combined spectral and spat ia l  resolution, 
especially at Fe Ka would be helpful in addressing the i ssues  raised here. 
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8.1 f 1.6 x 10'' ~ r n ' ~  
0.52 f 0.04 keV 
7.i * 0.2 x 10'2 cm-s 
5.1 i C.14 keV 
1.1 i 0.3 x 10" cm* 
Table 2 
ME Model (T, = TJ 
best Bt 
1.4 
0.16 
1 (lbed] 
1.2 
4.4 
O.? 
3.4 
? 9  
I .3 
1.76 
1.09 
1.2 
1.9 
1.7 
- limits 
1.6 
0.12 
- 
1.3 
4.7 
0.6 
4.1 
4.8 
1.4 
D . 3 3  
9.01 
1.4 
1.4 
1.4 
- 
1.2 
0.2; 
- 
1.1 
4.1 
0.8 
2.8 
2.6 
1.4 
1 .? 
3.6 
5.1 
1.9 
1.6 
- 
cb. foe = 10'' ergs (fifty-one ergs; 3 Hms ktbe)  
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0.30 
3 (fixed: 
1.1 
9.5 
1.3 
-,-*-- 
e.8 
12.4 
D.11 
3.1 
L. 9 
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Figure Captions 
Figure 1 
(a)  shows a f i t  t o  t h e  d a t a  using a two-termperature C I E  model. Histogram 
represents  bes t  f i t  model and the  crosses are the d a t a  points .  (b) shows only 
the  high temperature CIE  model. 
Figure 2 
An i l l u s t r a t i v e  example of e l e c t r o n  temperature p r o f i l e  when only Coulomb heat- 
ing is considered is given i n  (c) from c a l c u l a t i o n s  by N I E  model. Cox and Ander- 
son (1980) approxlmate a n a l y t i c  so lu t ion  is denoted by t h e  broken l i n e .  The 
densi ty  and mean temperature p r o f i l e s  are shown f o r  comparison i n  (a) and (b), 
respectively.  Histograms are ca lcu la t ions  from t h e  N I E  model and t h e  smooth 
curves i s  calculated from the  a n a l y t i c  so lu t ion  f o r  a ad iaba t ic  remnant. 
Figure 3 
The b e s t  f i t  model (histogram 
chanae of X2 from t h e  bes t  f i t .  
using NIE model is shown with t h e  d a t a  points.  
I n s e r t  is the project ion of X 1 space on t h e  n - f plane. Contours show the  
Both 4.6 and 10 are shown. 
Figure 4 
Sane as Figure 3 but now l i n e s  have been in se r t ed  a t  t h e  Ka energies  of S, A r ,  
and Fe (2.4, 3.0 and, 6.7 keV, respect ively) .  The abundances of the elements i n  
the  NIE model were set  t o  s o l a r .  
Figure 5 
These graphs represent f i t s  t o  t h e  da t a  a t  photon energies  G4.5  keV where the 
non-iron cont r ibu t ions  t o  t h e  model have been subtracted t o  emphasize the f i t  
of the model a t  t he  Fe Kzl feature .  (a )  shows t h e  bes t  f i t  when rl is fixed a t  0 . 2 ,  
(b) is the  bes t  f i t  l e t t i n g  a l l  parameters vary, and ( c )  is a f i t  with a C I E  model. 
F i t t e d  abundances, AFe are given i n  the  f igure.  
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4.3 The Observation of RCW 103 
The f i r s t  rdpor t  of x-ray emission from RCW 103 was made by Tuohy I - t  al.  
(1979) using da ta  from t h e  HEAO A-2 low energy de tec to r s  (LEE). 
made a t  photon energ ies  3 3 keV. 
ion iza t ion  equilibrium (CIE) plasma model allowed temperatures i n  the  range of 
1.3 - 2.0 x 10 K. R e s u l t s  fron. titc HEAO A-2 medium energy de tec to r s  (MED) 
were ambiguous because of source confusion. 
f l u x  w a s  1 x 10-l' e rgs  cm'2 sec-l. As Tuohy et a l .  point ou t ,  t h i s  upper l i m i t  
does not exclude any temperature t h a t  is cons i s t an t  with t h e  low energy s p e c t r a l  
data.  
The de tec t ion  was 
F i t s  t o  t h e  pulse  height da t a  using a c o l l i s i o n a l  
6 
An upper l i m i t  t o  t h e  2 - 10 keV 
X-ray images halie been obtained from t h e  E i n s t e i t  Observatfi-ry. Data from 
the  High Resolution Imaging (HRI) experiment (Tuohy and Garmire, 1980) and t h e  
Imaging P r o p x t i o n a l  Cvster (IPC) experiment (Tuohy, p r i v a t e  communication) 
exh ib i t  a limb brighteced s h e l l .  The su r face  br ightness  around t h e  r i n g  is not 
uniform - t he  most in tense  region is i n  the  southeastern p a r t  of t h e  remnant. 
The angular rad ius  of t he  x-ray emission is %9 arcminutcs. Rad13 maps of t h e  
region a l s o  show a ring-like s t r u c t u r e  of comparable rad ius  ( a s s  an6 Shaver, 
1970). 
remnant. 
the  rad ius  of the  x-raylradio emission. 
Opt ica l ly ,  f i laments exist  i n  the  southeast  e::? northwest p a r t s  of t h e  
They are contained within a projected rad ius  which is smaller than 
An i n t e r e s t i n g  f ea tu re  of RCW 1 C 3  ts  the  presence of a x-ray point source in 
the  geometric center  of the  remnant (Tuohy ant, Garmire, 1980). No de tec t ab le  
rad io  emission has been observed from t!ds point source (Tuohy et a l . ,  1983) 
suggesting t h a t  i t  may be of a d i f f e r e n t  c-laracter from the  pu lLar s  t h a t  e x i s t  at 
t he  center  of some other supernova ' e ~ i a n t s  (SNR). Tuohy and Garmire suggest t h a t  
i t  may be the f i rs t  de tec t ion  of thermal r ad ia t ion  from a cooling neutron star.  
A dis tance  t o  RCW 103 of 3.3 kpc is estimated based on t h e  kinematic models 
4 
of the neu t r a l  hydrogen i n  the  sp i ra l  arms and absorption p r o f i l e  of RCW 103's 
radio continuum a t  21 cm (Caswell et  a l . ,  1976). 
with the measured arigular diameter of t he  x-ray emission would determine t h e  shock 
radius  t o  be 4.5 pc.  This size would ind ica t e  t h a t  RCW 103 is a young o r  possibly 
middle aged SNR. 
b l a s t  wave, t h e  remnant s i z e  would imply an age of 1, 600(no/E51)1’2 years, where 
-3 the  . 
and the supernova b l a s t  energy, 
This dis tance estimate along 
Assuming the  kinematics of t h e  shock are described by a Sedov 
,cle densi ty  of the interstellar medium (ISM), no, is i n  u n i t s  of 1 cm , 
is i n  u n i t s  of los1 ergs.  * 
Westerlund (1969b) has suggested t h a t  t he  progenitor of RCW 103 might have 
been a member of an OB assoc ia t ion  3.9 kpc away t h a t  lies along t h e  l i n e  of s i g h t  
t o  the remnant. 
the supernova w a s  a Type 11 event s ince  Type I1 supernovae are thought t o  be due 
t o  massive, ea r ly  type stars (e.g. Shklovsky, 1962). 
The associat ion with tin OB star  group 8 wld a l s o  suggest t h a t  
In the previous chapter we  presented an ana lys i s  of t he  HEX0 A-2 da ta  of 
SNR, MSH 14-63 (RCW 86), using a model developed t o  account f o r  non-equilibrium 
e f f e c t s  i n  SNR (NIE model). In t h i s  chapter we use t h e  model t o  f i t  t h e  
RCW 103 da ta  co l l ec t ed  by the Solid S t a t e  Spectrometer (SSS) experiment on t h e  
Einstein satel l i te .  Because the SSS has good s p e c t r a l  resolut ion below % 4 keV 
(AE/E % 10%). l i n e  f ea tu res  can be more r ead i ly  dis t inguished with the SSS than 
with prpportional counter de tec tors  flown previously. 
associated with a blend of l i n e s  from a s i n g l e  element, are seen prominently i n  
t he  spectra of most young SNR’s. 
three most s t r i k i n g  features .  Lines from n-3 t o  n=2 t r a n s i t i o n s  i n  Fe a l s o  
produces a large amount of the f lux  a: around 1 keV. io properly i n f e r  elemental 
abundances from the i n t e n s i t i e s  of these f ea tu res ,  a proper accounting of the 
ionic concentrations must be made. 
hove used a C I E  plasma model (Beckcr, p r iva t e  communication). Two plasmas P t  
d i f f c r e n t  temperatures were required t a  e x p l i i n  the data .  In add i t ion ,  the C I E  
These l i n e  features, each 
In the SSS, Ka l i n e s  from Pig, Ci, and S a r e  t h e  
Previous work modeling the  RCW 103 SSS da ta  
mcdcl required t h a t  t he  abundanccs, r e l a t i v e  to  solar, for t h e  elements of Mg, 
Si ,  8 ,  and Fe be 2. Because the  p l a s m  may not be i n  CIE t h e  ca lcu la ted  ionic 
concentrat ions and hence t h e  inferred elemental sbuadances may be i n  error. 
Models which assume non-ionization equi l ibr ium (NIE) i n  a solar abundance, shock 
heated, plasma produce a spectrum, t h a t  when convolved with a de tec tor  response 
function, can emulate a second, lower temperature component and produce anomalous 
l i n e  s t r eng ths  r e l a t i v e  t o  a CIE xodel ( I toh ,  1977, 1978, and 1979; Nugent, 1982; 
Shul l ,  1982). 
The r e f l e c t i o n  e f f ic iency  of the telescope on t h e  HEAO A-2 observatory drops 
sharply f o r  photons above % 4 keV. 
with the aforementioned imaging observations (IPCIHRI) or during t h e  SSS 
observations discussed above. This ignorance of t h e  high energy spectrum has  
se r ious  consequences for the  a n a l y s i s  performed here. Because l i n e  emission from 
heavy elements is the dominant emission mechanism i n  the  p a r t  of t h e  spectrum 
where t h e  SSS is s e n s i t i v e ,  i n t e r p r e t i n g  the  s p e c t r a l  d a t a  r equ i r e s  a complex 
model; however, above '1. 4 keV t he  continuum dominates, so measurement of t h e  
spectrum at  these energies  is a less model-dependent measure of t h e  e l e c t r o n  
temperature and reduced emission volume of t h e  shock heated ISM. Addressing the  
i s s u e  of electron-ion e q u i l i b r a t  ion behind the  shock bec;,aes more d i f  f i c u l t  as 
r e s u l t  of t h i s  lack of d a t i .  Measurement of the continuum i n  t h i s  energy range 
has been d e f i n i t i v e  i n  demonstrating t h a t  some non-Coulomb electron-ion i n t e r a c t i o n s  
are present in Cas A (Pravdo and Smith. 1979), Tycho (Pravdo and Smith, 19791, 
3nd MSH 1 6 4 3  (Nugent e t  a l . ,  1982). 
Consequently no high energy da ta  were obtained 
Desp i t e  a growing bod:: of evidence t h a t  these non-Coulomb processes e x i s t  
a t  the c o l l i s i o n l e s s  shock f r o n t s  of young supernova remnants, t he re  s t i l l  does 
not e x i s t  a de ta i l ed  model of the process, so t h a t  we a r e  ignorant of how the 
magnitude of the e f t c c t  might varv over a plausible  range of SNR shock parameters. 
It is known, f o r  example, i n  the  c o l l i s i o n l e s s  shocks which occur when t h e  solar 
wind impinges on the magnetosphere of t he  e a r t h ,  that t h e  e l ec t ron  temperature 
is lower than the  ion temperature. 
t h a t  have electron-ion equ i l ib ra t ion ,  we w i l l  search f o r  evidence of t h i s  in t he  
Even though we have a b i a s  towards models 
SSS da ta  on RCW 103. 
Ob serva t  ions 
The spectral da ta  were obtained -:om observations with t h e  Sol id  S t a t e  
Spectrometer (SSS) experiment on the  HEAO-2 spacecraf t .  
described i n  d e t a i l  in Joyce e t  al. (1978). 
e f f e c t i v e  co l l ec t ing  area of 200 c m  
of 6 arcmin. 
% 4 keV. 
The SSS experiment is 
Br ie f ly ,  t he  experiment has an 
2 and a c i r c u l a r  f i e l d  of view with a diameter 
Spec t ra l  d a t a  are co l l ec t ed  i n  t h e  photon energy range from 2. 0.5 t o  
Because the f i e l d  of view of the  spectrometer is smaller than t h e  angular 
s i z e  the remnant (9 arcmin) , a number of d i f f e r e n t  observat ions are required to  
obtain the  spectrum from the  e n t i r e  remnant. 
were performed. 
and approximate ex ten t  of the  f i e l d  of view of t he  d i f f e r e n t  observations.  For 
each of the observations,  Table 1 gives  the  co-ordinates of t he  center  of t he  
f i e l d  of view, the  epoch, and the  in t eg ra t ion  t i m e .  The unce r t a in t i e s  in the  
pos i t ions  are 4 1 arcmin (Symkowiak, p r iva t e  communication). 
Spec i f i ca l ly  four observat ions 
Figure 1 is an x-ray surface br ightness  map showing the pos i t i ons  
Comparison of Observations 
The f i e l d s  of view of t he  four observations of the  RCW 103 remnant do overlap 
t o  some exten t ,  but they a l l  sample a d i f f e r e n t  p a r t  of the  remnant. This gives 
some l imited spa t i a l  reso lu t ion  t o  the  spec t ra .  
s t a t i s t i c a l l y  t e s t  whether the four da ta  s e t s  a r e  cons is ten t  with a s ing le ,  general-  
ized spec t r a l  model. By a generalized model, we mean a set 0;  numbers, M where 
the subscr ipt  r e f e r s  t o  the j t h  p u l s e  height channel. Because the surface br ight -  
Before f i t t i n g  the da ta  w e  s h a l l  
j’ 
ness v a r i e s  over t he  remnant and because the  amount of t h e  renmant subtended by t h e  
f i e l d  of view during a certaia observation v a r i e s  we w i l l  allow the. observat ions 
t o  have o v e r a l l  s c a l i n g  f ac to r ,  si. 
observat ion. 
The subsc r ip t  i n  si r e f e r s  to  t h e  i t h  
2 The X s ta t i s t ic  used can be w r i t t e n  as 
I J (sin -Dij) 2 
2 x 2 =  z L 
i J  
1-1 j=1 0 
where D 
oi, is the 15 uncertainty i n  D 
I is t he  number of observations.  
is t h e  count rate i n  t h e  j t h  pulse height channel of t he  i t h  observation, 
i j  
J I s  t h e  number of pulse height channels and 
ij’ 
The a n a l y s i s  is complicated by a number of e f f e c t s .  F i r s t ,  because c e r t a i n  
emit t ing regions were common t o  two 0: more observations,  t h e  d a t a  sets were not 
completely independent. For s impl i c i ty .  though, i t  was assumed t h a t  they were. 
A second problem concerned t h e  thickness  of an absorbing l aye r  of ice t h a t  
accumulates on the  window of the  SSS detector .  The thickness ,  hence t h e  amount 
of absorption of t he  impinging x-revs varied from one observation t o  another.  The 
cor rec t ion  of t he  da t a  f o r  t h i s  absorption. i n  p r inc ip l e ,  is dependent on t h e  
choice of model f o r  the input spectrum. Since no spectrum was assumed f o r  t h i s  
s t a t i s t i c a l  test .  an approximate cor rec t ion  w a s  made by d iv ld ing  t h e  da t a  for 
each pulse channel by the absorption f a c t o r  f o r  photons with energy corresponding 
t o  the  nominal energy f o r  t h a t  channel. A f i n a l  problem with the d a t a  concerns a 
background component t h a t  is known t o  vary. This problem is most severe in 
channels which correspond t o  photon energies  2 2 . 5  keV. We fe l t  t h a t  t h e  shape of 
t h e  background contamination i n  these channels is d i f f e r e n t  from the nominal one 
ttrot has been calculated ( p r i v a t e  communication, Symkowiak). More a t t e n t i o n  w i l l  
be given t o  t h i s  issue l a t e r  in t h i s  pape r ,  b u t  f o r  t h i s  comparison h c r  1 w i l l  
ignore the dcitn above 2 . 5  key. 
2 
1.28 for 117 
The r e s u l t  of t he  ana lys i s  is displayed i n  Figure 2. The rrducod X f o r  t h e  
2 f i t  was 1.28 for 117 degrees of freedom. 
degrees of freedom if -he m o d e l  were correct is 2.3%. Under t h e  usual ly  cr i ter ia  
of "90% confldence" t h e  model f a i l s  t he  X 
The clance of X,, being 
2 tes t  and does suggert  t h e  p o s s i b i l i t y  
of i n t r i n s i c  d i f f e r e n c e s  of t he  spectrum a r i s i n g  from d i f f e r e n t  regions i n  t h e  
RCW 103 remnant. 2 The s l i g h t l y  high X could be also duo to  the  systomatic errors 
out l ined  above. Therefore, f o r  s impl i c i ty ,  we w i l l  adopt tho latter assumption f o r  
the  remainder of t h i s  paper. Given t h a t  t h e  spec t r a  are very simllar, i t  isqumi- 
t ionable  whether t he  exe rc i se  of modeling each d a t a  set separa te ly  would produce 
any meaningful d i f fe rences .  
As w a s  mentioned i n  t h e  in t roduci ion ,  x-rav images of RCW 103 reveal t h a t  t he re  
e x i s t  sur face  br ightness  d i f f e rences  over the sur face  of t h e  remnant. Because of 
unce r t a in t i e s  i n  the p rec i se  pos i t ion  of t h e  SSS f i e l d s  of view and t h e  l ack  of 
any de ta i l ed  da t a  on t h e  x-rap morphology a s ide  from a p l o t ,  we cannot confirm 
tha t  the  f lux  received in  t he  SSS bandpass is cons is ten t  with the  measured sur face  
br ightness  with the  IPC or H R I  de tec tors .  A l l  t h r ee  instruments have d i f f e r e n t  
bandpasses - the  SSS being the  amallcst ,  so i f  t he  SSS and IPC or H R I  measurements 
of the rexlat i v c  sur face  br ightness  were incans is ten t  t h a t  would lmplv t h a t  s p e c t r a l  
d i f fe rences  outs ide  o f  t he  SSS bandpass were responsible  f o r  t hc  d i f f e rences  i n  
remnant's x-ray morphology. Alt t . rnst ivelv,  i f  t h a t  SSS f l u x  is cons is ten t  wi th  
IPC/HRI r e s u l t ,  then v s r i a t  ions in  the  emission in ; tgra l ,  [:ne&dl] , would be 
indicated.  Lack of va r i a t ion  i n  the SSS spectrum implies t h a t  t he  ion iza t ion  time, 
3 
.'n,dt , is constant  a t  d i f f e r e n t  pos i t  ions around the  remnant which would f u r t h e r  
implv tha t  there  are no dens i ty  v s r l a t i a n s  and t h a t  v a r i a t i o n s  i n  f i l l i n R  f a c t o r s  
may be rcsponsiblc  for surfuce br ightness  var ia t ions , .  
In ordcr t o  atd  fu ture  workers on the x-ray morphology of RW 103, we g i v e  
tire rtmliative ric i c 4  f lux  o t  the four observat ions i n  Table 2 .  The f luxes  a r e  
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Review of Parametcrs 
Before discussing r e s u l t s  of the  model, w e  b r i e f l y  review f o r  t he  reader t h e  
d e f i n i t i o n s  of t h e  parameters used. 
u n i t s  w e  w i l l  a lways use  are the  i n i t i a l  b l a s t  energy, Eo (units of los1 e r g s ) ,  
the  dens i ty  of the  i n t e r s t e l l a r  medium around the  progeni tor  star, n ( u n i t s  of 1 
cm '1, the  amount of e j ec t ed  mass from the  progeni tor  star, Me ( u n i t s  of %), t h e  
age of the remnant, t ( u n i t s  of 1000 years ) ,  t h e  abundance, r e l a t i v e  t o  hydrogen, 
of elements i n  the  ejecta (normalized t o  the  measured solar value) ,  t h e  abundance, 
The input parameters t o  the  model and t h e  
0 - 
3 
r e l a t i v e  to  hydrogen, of elements in the  ISM (normalized t o  t h e  measured s o l a r  
value) ,  and t h e  d is tance  t o  the  remnant, D ( u n i t s  of kpc). These parameters are 
mapped t o  a more convenient set of parameters f o r  purposes of t he  doing s p e c t r a l  
f i t t i n g .  There i s  a sca l ing  parameter defined as 
and a number of "reduced" parameters : 
and 
113 
= (2) t3 = a- l tg  . 
A fourth reduced parameter is the  reduced emission volume, C,, which is defined 
as 
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rl, t ,  B, and Cev are derived from f i t s  t o  t he  s p e c t r a l  data .  a is then 
determined from the  average x-ray sur face  br ightness  by 
where C' is determined from rl, 6, and T and f is the  f r a c t i o n  of s o l i d  angle  of t he  
remnant f i l l e d  by shocked plasma. 
a value of unity.  
The value of f w i l l  nominally be asumed t o  have 
With a ,  the  input parameters are given by 
2 2 -1 
t3  = rbT 0 = a rl E o = a r )  M e = ( r n t 3  
and the  d is tance  is given by 
where Rs' is a constant determined from the  f i t t e d  value of B and f. 
When T Z l6B5I6 the remnant is i n  a Sedov phase and the shock temperature, 
Ts, can be given as a function of T by 
F i t s  t o  Spectral  Models 
As was discussed i n  the  sec t ion  concerning comparison of observat ions,  t he re  
a r e  systematic problems with the background da ta  above 3.0 keV. 
the  RCW 103 da ta  there  were problems reconci l ing the da ta  with the f i t t i n g  models 
i n  the case of 
a t  photon energ ies  & 2.5 keV. 
t o  the  da t a  below 2.5 keV and then d iscuss  t h e  r e s idua l s  above 2.5 keV. 
We w i l l  f i r s t  present r e s u l t s ,  considering f i t s  
We w i l l  f i r s t  d i scuss  models similar t o  those used by Hamilton et al. (1985). 
As discussed above these  models use Sedov hydrogynamics and a r e  equivalent t o  
t h i s  model only in t h e  " fa r  Sedov" limit (t >> T~). The models were f i t  with 6 
fixed a t  2 ( B  must  be f i n i t e  f o r  numerical reasons.) and no ejecta emission w a s  
considered. 
r e s u l t s  of t h e  f i t  with t h e  "hot" e l e c t r o n  (Te = Tm) model are given i n  Table 3 
and t h e  d t a t  with t h e  model are shown i n  Figure 3b. 
(Te # Ti) model results are given in Table 3 and the  da t a  with the  model are 
displayed i n  Figure 3a. For both of t hese  f i t s  t/tS 
t o  be i n  a " far  Sedov" l i m i t .  
and the  abundances f o r  magnesium (k), s i l i c o n  (ASi) ,  sulphur (As), and i ron  
(%e). The rest of t he  elemental abundances were f ixed  a t  t h e i r  s o l a r  value. 
Models where t h e  ejecta w e r e  included are discussed below. The 
Likewise, t h e  "cold" e l e c t r o n  
12, thus  assur ing  our d e s i r e  
The parameters t h a t  were var ied  were C, 0, T, NH, 
On t h e  assumption t h a t  t he  emission is from a uniform ISM shocked by a 
Sedov b l a s t  wave, w e  have infer red  t h e  input parameters by t h e  method described 
i n  the last section. In add i t ion  t o  t h e  f i l l i n g  f a c t o r ,  f ,  t he re  is a r e l a t e d  
e f f e c t  t h a t  t h e  SSS f i e l d  of view is smaller ( 6  arcminute) than t h e  ex ten t  of 
RCW 103 (9 arcminute), and, thus t h e  measured C given i n  t h e  t a b l e s  is an under- 
estimate. 
the  remnant f i l l e d  t h e  e n t i r e  f i e l d  of view, so, as an approximation, w e  cor rec ted  
Cev before ca l cu la t ing  a by the  r a t i o  of t h e  s o l i d  angle of the  remnant t o  the  
s o l i d  angle of t he  SSS beam. 
the infer red  input parameters are given i n  Table 3. 
ev 
Most of t he  exposure of t he  da t a  comes from observations 3 and 4 where 
We took t h a t  r a t i o  t o  be %2. The value f o r  a and 
2 The f i t s  t o  the  da ta  are not  of high qua l i ty .  The reduced X obtained would 
2 r e s u l t  < 0.1% by chance. It is poss ib le  t h a t  t he  high X are i n  p a r t  due t o  
improper modeling of de t ec to r  output t o  a given input spertrum indlucing back- 
ground e f f e c t s ,  but,  even i f  a l l  the  problems were due t o  de t ec to r  modeling as 
opposed t o  source modeling, t he re  is no reason t o  be l ieve  t h a t  our bes t  f i t  
parameters are c lose  (compared t o  the  statist ical  unce r t a in t i e s )  t o  t h e  bes t  f i t  
values given i d e a l  de t ec to r  modeling. 
"hot" e l ec t ron  model a cont rac t ion  of X 
on t h i s  p lane  represents  t he  bes t  f i t  X 
Despite t h i s  caveat,  we performed on t h e  
2 space onto t h e  Q-T plane. Every poin t  
2 i f  Q and T are f ixed  at t h e  va lues  given 
a t  t h a t  point and a l l  o the r s  are allowed t o  vary. 
i n s e r t  of Figure 3b. Two contours are given. The f i r s t  is f o r  values of X which 
exceed t h e  minimum X by 4.6.  
i n t e r e s t i n g  parameters (Lampton e t  al.,  1976). 
The r e s u l t s  are shown i n  t h e  
2 
2 This corresponds t o  90% confidence region f o r  2 
Another contour a t  AX2 - 10 is 
given. Two representa t ive  poin ts  near t h e  extremes of h i s  region are a l s o  shown 
i n  Table 3. These i l l u s t r a t e  rough s t a t i s t i c a l  l i m i t s  f o r  t h e  var ious  parameters. 
on the Q-f plane roughly runs along a l i n e  of 2 de note t h a t  the  "valley" of X 
constant e f f e c t i v e  ion iza t ion  t .I*=, QT. The f i t s  are s n e s i t i v e  t o  the  shape of t h e  
Ko l i n e s  of t he  p r inc ipa l  rrcments. Each Ka blend is composed of emission from 
the hydrogen-like ion, helium-like ion, l i thium-like ion, etc. 
s l i g h t l y  d i f f e r e n t  energ ies  t h a t  a r e  roughly ordered by the  ion ic  charge. 
Each ion e m i t s  a t  
The SSS 
does not ,  of course have the  c a p a b i l i t y  t o  reso lve  these  blands of l i n e s ,  but they 
38.1 be infer red  from the shape and cent ro id  of the l i n e  which, assuming kTe is 
ouch a r e a t e r  than the energy spacing, w i l l  be dependent on the  r e l a t i v e  concen- 
Lratlnr. of the  ion ic  species. These ion ic  concentrations depend somewhat on the  
temperature h i s to ry ,  but f o r  the  temperatures and elements of i n t e r e s t  here ,  the  
ion lc  s t r u c t u r e  is a more s e n s i t i v e  function of I nedt. 
X contours remain c lose  t o  iso-rlT contours. 
This is the  reason t h a t  
2 
We w i l l  f irst d iscuss  the  s ign i f icance  of the d i f f e r e n t  parameters ind iv idua l ly .  
Following t h a t ,  we w i l l  make some general  comments and summarize the main poin ts .  
Contribution from the  e j e c t a  
The p o s s i b i l i t y  of an e j e c t a  emission component r e s u l t i n g  from a "reverse" 
shock wave has been discussed by McKee (1974) and Gull (1973, 1975). As has 
been discussed t h i s  reverse  shock component manifests itself i n  one-dimensional 
hydrodynamic codes l i k e  the  one used i n  t h i s  model, so, i n  pr inc ip le ,  w e  can use 
our NIE t o  search far the  evidence of t h i s  component in  t h e  x-ray s p e c t r a l  data .  
When reverse shock emission from the ejecta was included i n  the  model, bes t  
2 X were obtained when the ejecta did not  cont r ibu te  s i g n i f i c a n t l y  t o  the 
measured f lux.  Ei ther  t he  ejecta had a small f r ac t ion  f the  emission volume o r  
the ejecta component had a temperature < 100 ev-a temperature t o  which the  SSS 
is insens i t ive .  It  is possible ,  however, t o  f ind  models t h a t  do have a s i g n i f i -  
cant e j e c t a  component t h a t  are not i n  gross  disagreement with the  data .  To 
demonstrate t h i s  a search was made i n  a r e s t r i c t e d  p a r t  of parameter space f o r  
which T < 4rs. 
Our spa t ia l  and s p e c t r a l  reso lu t ion  were not s u f f i c i e n t  t o  deconvolve the  ejecta 
13 w a s  allowed t o  vary, along with the  parameters mentioned above. 
contr ibut ion t o  l i n e  s t r eng ths  Erom the  XSM contr ibut ion.  Hence the abundance 
parameter f o r  a given element i n  the  e j e c t a  and the abundance parameter f o r  the 
same element in  the ISM a r e  highly cor re la ted  i n  the  f i t t i n g  process. One can 
be a r b i t r a r i l y  decreased and, t o  compensate, the other  can be increased without 
s ign i f i can t ly  changing X . 2 This problem can be avcided by f ix ing  one of the  
abundance se t s .  In most modeling i n s  t h e  cont r ibu t ion  of the e j e c t a  turned out 
t o  be a smaller f r ac t ion  of the emission, so t h e  e j e c t a  was chosen t o  be the 
fixed set. Solar abundances f o r  the e j e c t a  were used;  however, t h i s  might be 
a poor choice, e spec ia l ly  i f  the progenitor was a Type I1 supernova. 
The r e s u l t s  of t h i s  search fo r  "hot" and "cold" e l ec t ron  models a r e  shown i n  
Table 5 and Figure 4.  
X' In parameter space was found, b u t  f?r a "hot" e lec t ron  model T needed t o  be 
In the case of the "cold" e l ec t ron  model a l oca l  minimum 
7 
constrained i n  order t o  s a t i s f y  the  condition of being < 4~ . Both f i t s  give some- 
what worse but comparable X t o  models where the  ejecta was ignored. 
S 
2 
Electron hea t ing  a t  shock f r o n t s  
The i s sue  of whether e l ec t rons  are heated by non-Coulomb processes i n  t h e  
chock of RCW 103 is not clearly resolved by t h e  f i t s  t o  t h e  SSS data.  
mentioned before,  f o r  t h i s  ambiguity is the  i n a b i l i t y  t o  d i r e c t l y  measure the  
high energy continuum which gives a r e l a t i v e l y  model-independent measure of t h e  
e lec t ron  temperature. That i n a b i l i t y  is r e l a t e d  t o  t h e  i n s e n s i t i v i t y  of t h e  SSS 
t o  photons with energ ies  X, 4 keV and is a general  problem when r e ly ing  so le ly  on 
da ta  from the  SSS experiment. Assuming the  r e s u l t s  of t h e  N I E  model are roughly 
co r rec t  t he re  is a more fundamental problem, i n t r i n s i c  t o  the  RCW 133 SNR. 
RCW 103 is apparently i n  a p a r t  of ~ - - B - T  space where the  "cold" and "hot" models 
are beginning t o  become h d i s t i n g u i s h a b l e .  The age, t a t  which the  e l ec t ron  
temperatures predicted by a "cold" e l ec t ron  model and a "hot" e l ec t ron  model 
begin t o  become indis t inguishable  is given by Cox and Anderson (1982) as 
One reason, 
eq' 
3/14 -417 years t = 3000 E51 eq 0 
where ES1 is the  b a l s t  energy in  u n i t s  of los1 e rgs  and n is t he  ISM p a r t i c l e  den- 
s i t y  i n  u n i t s  of cm . The r a t i o  of the  age, t ,  t o  t is independent of a and, 
i n  terms of our parameters, is given by 
0 
-3 
eq 
t T 5/14 
eq 
- 0 j - q  t 
For q = 0.5 and T - 3.6, t /teq = 0.94. 
models l i e  roughly i n  the  same region of parameter space is cons is ten t  with the 
The f a c t  t h a t  the  best f i t  po in t s  fo r  both 
f a c t  t h a t  t h e  models a . ;  beginning t o  converge i n  t h a t  region. 
d i f fe rences  i n  the  two model spec t ra  become neg l ig ib l e ,  but  at  t % t 
d i f fe rences  i n  the  predicted e l ec t ron  temperature and hance the  continuum spec t ra  
becomes negl ig ib le .  
explained by the  d i f f e r e n t  e l ec t ron  temperature h i s t o r i e s  of t h e  shock gas. 
the  "hot" e l ec t ron  model, t he  e l ec t ron  temperature of a p a r t i c u l a r  gas element 
has been decreasing monotonically ever  since t h a t  gas element has  been shocked, 
while during some o r  a l l  of t h a t  t i m e  the  "cold" e l ec t ron  model p red ic t s  t h a t  t he  
tempeLsture has  been increasing. Since the  evolut ion of the  ion iza t ion  s t r u c t u r e  
is dependent on t h e  evolut ion of the e l ec t ron  temperature, it is  reasonable t o  
expect d i f fe rences  between t h e  two bes t  f i t  po in ts  i n  parameter space,  
pa r t i cu la r ly  the  elemental  abundances. 
For t >> t the  
eq 
only the  
eq 
The f a c t  t h a t  t he  f i t s  are not  completely similar can be  
I n  
Elemental dundances  
The f i t t e d  ISM elemental abundances i n  the  "hot" e l ec t ron  model are cons is ten t  
with a s o l a r  set. 
(p r iva t e  communication). 
of 2-3 (Table 5 )  higher r e l a t i v e  t o  solar. The abundances determined by the  
"cold" e l ec t ron  model devia te  from s o l a r  by up t o  f ac to r  of f~ 4. 
This d i f f e r s  from the  r e s u l t s  using CIE models by Becksr 
The abundances required by the  C I E  models a r e  a f a c t o r  
Since a s o l a r  abundance set is nominally expected from a i n t e r s t e l l a r  gas,  the 
r e s u l t s  of t he  N I E  "hot" e l ec t ron  model are pleasing. 
be c loser  t o  s o l a r  than are shown i n  Table 3. For h i s t o r i c a l  reasons an Allen 
(1976) abundance set was used. More recent  work by Meyer (1979) shows some 
s i g n i f i c a n t  devia t ions  from Allen f o r  some elements. 
the two abundance sets is complicated by the  f h c t  t ha t  the  continuum f lux  i s  
dependent on the elemental abundances, p a r t i c u l a r l y  C ,  N, and 0; however, as an 
approximation w e  w i l l  cor rec t  each element by i t s  r a t i o  i n  the  two abundance 
The abundance r e s u l t s  may 
The conversion between t o  
sets. With t h a t  cor rec t ion ,  the  bes t  f i t  abundances f o r  Mg, Si, and Fe are a l l  
within 5% of so l a r .  
elements. 
abundance of 1.2. 
This makes the  Meyer s o l a r  value cons is ten t  f o r  each of these  
The only s t a t i s t i c a l l y  s ign i f i can t  deviat ion is f o r  S which has Meyer 
Not a l l  r e s u l t s  from applying NIE models t o  SSS da ta  of young SNR's have 
demonstrated s o l a r  abundances. Work on Tycho's SNR (Shul l ,  19821, f o r  example, 
has shown overabundances still  ars predicted by NIE models. 
result from the  dominance of the  r o l e  biayed by t h e  ejecta in the  x-ray emission, 
The d i s t i n c t i o n  may 
, 
s ince  the ejecta is thought t o  be metal r ich .  I n  addi t ion  t o  the  emission from 
the  e j e c t a  following heat ing from a reverse shock, ej tcta may a l s o  .ix with hot  
ISM and heat  by conduction. 
Distance, dens i ty ,  and I n t e r s t e l l a r  absorption 
The d is tance  measurement is cons is ten t  with the  3.3 kpc estimate made by 
Caswell (1976). It a l s o  is cons is ten t  with the  d is tance  measured t o  Westerlund's 
OB star group, strengthening the Prgument f o r  assoc ia t ion  of the  progeni tor  of 
RCW 103 with t h a t  group. 
The height  of RCW 103 off  of the  g a l a c t i c  plane is 23 pc assuming a d is tance  
of 3.3 kpc. The in fer red  p a r t i c l e  densi ty  of % 1 is reasonable f o r  t h a t  
pos i t  ion. 
F ina l ly ,  assumins a d is tance  of 3.3 kpc, the  measure of NH, would imply  a 
mean densi ty  of % 0.4 cme3 i n  the  intervening ISM. 
value. 
Again, t h i s  is a reasonable 
Age 
The age of ZCW 103 has consequences f o r  t h e  issue of the  lack  *,f h i s t o r i c a l  
record of the supernova which formed RCW 103 and of the cooling of c e n t r a l  point 
source seen by Tuohy and :armire (1979). We w i l l  adopt f o r  t h i s  discussion the 
age, with unce r t a in t i e s ,  determined from the "hot" e l ec t ron  model. 
t h i s  work i n  perspect ive,  we note  t h a t  l i m i t s  can be put on the  age of RCW 103 
without r e so r t ing  t o  the  use of t he  e labora te  NIE model. Taking the rad ius  of 
the  remnant t o  be 4-5 pc and assuming t h a t  t he  average ve loc i ty  ' . F  t he  e j ec t ed  
material is 
crude spectral modeling of x-ray da ta  a lower l i m i t  f o r  t he  shock temperature 
can be determined t o  be 0.2 keV. That l i m i t  on the  temperature along with tne  
measurement of t he  s i ze  of the  remnant can be used t o  assert an  upper l i m i t  to  
the  age of Q 6000 years. 
F i r s t ,  t o  put 
0.1 c would put a lower l i m i t  t o  t he  age of I, 140 years. From 
Due t o  its apparently young age and c lose  proximity t o  the  sun, RCW 103 
could be expected t o  be a h i s t o r i c a l  supernova. As pointed out  by Clark and 
Stephenson (1976) i f  RCW 103 is younger than 600 years  t he  i n i t i a l  supernova 
event could have escaped a t t e n t i o n  by Chinese astrocomers, s ince  the  c a p i t a l  of 
China was a t  Peking f o r  most of t he  time a f t e r  AD12&0. Peking is too f a r  nor th  
( l a t i t u d e  Q +40) t o  ab le  t o  see RCW 103. Chinese records become more scarce 
before Q 200 BC, so, i f  the  age of RCW 103 is & 2200 years ,  the  non-detectfon of 
i t s  supernova, could again be explained. A t  intermediate times, record8 ex is ted ,  
thv c a p i t a l  was f a r t h e r  south,  and the  e f f e c t  of t he  e a r t h ' s  precession made 
objec ts  i n  the d i r ec t ion  of RCW 103 more v i s i b l e  i n  northern l a t i t u d e s .  From the  
NfE model, RCW 103 is most l i k e l y  of t h i s  intermediate  age. To emphasize t h e  
poin t  that the  Chinese were ab le  t o  monitor ob jec ts  i n  the  d i r e c t i o n  of RCW 103, 
they did wcord  supernovae i n  A!) 185 at  a k 15h, 6 5 -62" (1950) and i n  AD 393 
a t  u They should have had an unobstructed view of t h e  
RCW 103 supernova, which is a t  a 2 16 , 6 % -51' (1950), i f  t he  w e n t  took place 
a t  the t i m -  determined by the  N I E  model. 
17h ,  6 3 -40' (1950). 
h 
A s  a l s o  pointed out by Clark and Stephenson (1976) even i f  the  RCW 103 
supernova took place during a time when Chinese could observe i t ,  the  l ikel?hood 
of de tec t ion  could s t i l l  have been reduced i f  RCW 103 was near conjunction with 
the sun at the time of t he  event.  
t o  be a t  the same dis tance  a9 RCW 103, most l i k e l y  escaped de tec t ion  as a hia-  
to r ic81  supernova. If anything, Cas A was a more l i k e l y  candidate f o r  de tec t ion  
since i t  was probably more recent and d e f i n i t e l y  at  a much more favorable 
decl inat ion fo r  viewing i n  the  northern hemisphere. 
We also point ou t  t h a t  Cas A, which is thought 
A second i ssue  re la ted  t o  the  age of RCW 103 is t h e  cool ing rate of t he  point  
source i n  the  center  oL' the  remnant. Under the  assumption t h a t  :he objec t  is a 
neutron star and t h a t  no mechanism exis ts  f o r  renewing the  i n t e r n a l  energy of 
the core,  then knowing the  are of the  neutron star could be a test f o r  d i f f e r e n t  
suggested cooling mechanisms (Bahcall and Wolf, 1965; Glen and Sutherland, 1980; 
Normoto and Tsuruta, 1981; Richardson e t  el . ,  1982). The NIE model can only be 
an e f f ec t ive  discr iminate  of cooling mechanisms i f  the  cooling time scale is 
within t h i s  allowed range f o r  the  age of RCW 103. 
case. Neutrino cool ing following pion beta-decay is the  fastest cool ing mechanism 
with cooling time sca l e s  -- 1 veer. 
neutron star. Recent ca lcu la t ions  bv Richardscn e t  a l .  which do not assume a 
pion concentrate i n  the core give cooling curves t h a t  are cons is ten t  with the  
age measured here and the e f f ec t ive  temperature of 2 . 2  x 10 
and Garmire. 
within the framework of  models - such as Richardson e t  a l .  - t o  determine the  mass 
of the neutron star: however, the unce r t a in t i e s  i n  the measured q u a n t i t i e s  were 
too larze t o  allow t h i s .  
This probably is not the  
This can be e a s i l y  ruled out  €or RCW 103's 
6 K measured by Tuohv 
In pr inc ip le ,  the age and e f f e c t i v e  temperature could be used 
Blast Ene r yv 
The value determined for  the b l a s t  energy, .L 6 x lo5' e rgs ,  is somewhat low 
compared t o  the numbers that  a r e  usually associated w i t h  supernova b l a s t s  
(20.4.-4 x 1051 ergs) .  
however. Because t h e  infer red  value of t h e  b l a s t  energy scales l i k e  rl , it would 
only take an increase of 'L 10% i n  the  f i t t e d  upper l i m i t  of q t o  account f o r  t he  
discrepancy. 
Some care must be taken before  accept ing t h i s  upper l i m i t ,  
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Since Type 1 supernovae are thought t o  have lower b l a s t  energies  (Esl 2 0.5)  
then t o  Type TI (Esl % 11, t h e  low f i t t e d  value of Eo would be  weak evidence for 
t he  progenitor of RCW 103 being a Type I supernova. 
S - r y  
Our i n a b i l i t y  t o  settle t h e  quest ion of e lectron-ion equ i l ib ra t ion  a t  t h e  shock 
f ron t  may be due, as suggested, t o  i n t r i n s i c  p rope r t i e s  of t he  RCW 1E remnant; 
however, t h i s  ambiguity and the  ambiguity on t h e  quest ion of reverse  shocked ejecta 
are exacerbated by poor knowledge of t h e  spectrum above 2.5 keV. This p a r t  of t h e  
spectrum is dominated by continuum emission and as a r e s u l t  gives  a measure of t he  
e l ec t ron  temperature independent of many of t he  systematic  problems of t h e  NIE 
model. It a l s o  gives  a d i r e c t  measure of the  reduced en iss ion  measure nf t h i s  high 
temperatme component which provides a base l ine  f o r  i n t e r p r e t i n g  the  "excess" of 
f l u x  a t  1-2 keV. As can be seen from the  ana lys i s  of t he  RCW 86 data ,  t h i s  in for -  
mation cons t ra ins  the  permitted tolume of parameter space severe ly  even without 
de t a i l ed  knowledge of the  l i n e  emission. 
Knowledge of t h i s  component could, f o r  instance,  help t o  d i s t ingu i sh  between 
"cold" and "hot" e l ec t ron  models. 
of % 1-2 keV and reduced emission volume of % 1 x 10 c m  while t he  "cold" model 
woulc have the  high temperature be % 0.7 keV and the  reduced emission volume be 
\ 3 x x o  
The "hot" model would predic t  a shock temperature 
13  -5 
13 cm-5 
Am important fu ture  obse rva t im  w i l l  be the determination of t he  behavior of 
the spectrum a t  photon energies  above 2.5 keV. 
e f f o r t s  t o  do so with HEAO-1 and the  high energy cutoff of t h e  x-ray mirrors  on 
HEAO-2 prevented the  SSS from operat ing i n  t h a t  region. AXAF, BBXRT, as w e l l  as 
Source confusion has thwarted 
mre modest s h u t t l e  and Explorer missions should have t h e  c a p a b i l i t y  t o  make t h i s  
measurement. 
Despite t he  poor coverage of t h e  spectrum, t h e  SSS d a t a  on RCW 103 does, of 
course, provide a good opportunity t o  study t h e  i n t e n s i t y  of t h e  line emission 
and, hence, deduce elemental abundances. On this note  w e  consider t h e  NIE model 
t o  have been a success. 
do support t h e  idea  t h a t  t h e  x-ray emission is a r i s i n g  from shocked ISM with 
elemental abundances roughly t h e  same as so la r .  The 'hot'  electron madel is 
prefer red  because t h e  "cold" e l e c t r o n  model has been ru led  out in o the r  yound SNR's. 
Assuming t h e  **hot" electron model is co r rec t ,  t h e  da t a  
F ina l ly ,  we no te  t h a t  there are ind ica t ions  t h a t  RCW 103 may have up t o  four  
unique o r  almost unique c h a r a c t e r i s t i c s  relative t o  o the r  young SNR's. 
paren the t i ca l  comment, these  are: 
1) 
Wich 
The r ad io  sur face  br ightness  is l o w  by f a c t o r  of 5-10 from o the r  remnants of 
comparable diameter (This is f a i r l y  c e r t a i n ;  Clark and Caswell, 1976). 
A low value of t h e  b l a s t  energy Eo is derived here. 
The supernova w a s  no t  detected.  
luminosity f o r  t h e  supernova. (Other p l aus ib l e  reasons e x i s t . )  Th;s argues 
f o r  a Type I1 supernova which is incons is ten t  with f e a t u r e  number 2. 
A c e n t r a l  point source exists t h a t  is not  a r ad io  pulsar .  
cer ta in . )  
2) 
3) 
(Many assumptions used.) 
This possibly suggests a low peak o p t i c a l  
4) (This is f a i r l y  
How many of these  are t r u e  anomalies and what poss ib le  connection e x i s t s  
between them is an open question. 
Data > 2.5 keV 
Figure 5 shows a l l  t h e  da t a  displayed with the  Te = Tm model given i n  Table 3. 
The model underestimates the  data a t  photon energ ies  4 2.5 keV. 
our discussion t o  the electron-ion equili ' . r ium model s ince  the  "cold e lec t ron"  
We w i l l  r e s t r i c t  
model gives  similar r e s u l t s  i n  t h i s  energy range. 
t h i s  anomaly is caused by an incor rec t  measurement of t h e  background. 
background of t h e  SSS is knwon t o  have two components (Symkowiak, p r i v a t e  communi- 
cat ion):  
i n t eg ra t ion  time of the  observation and a "bump" backgrotmd component t h a t  is 
also nominally proport ional  t o  the  in t eg ra t ion  t i m e  but  a l s o  has  a scale f a c t o r  
r e l a t i v e  t o  the  constant background t h a t  can vary from one in t eg ra t ion  t o  another. 
I is customary t o  allow t h i s  scale f a c t o r  t o  be  a f i t t i n g  parameter. 
The p o s s i b i l i t y  exists t h a t  
The 
a "constant" background component t h a t  is simply propor t iona l  t o  t h e  
Figure 6 shows t h e  r e s idua l s  a t  the  end of t h e  spectrum f o r  observat ions 1, 
2, 3, and 4, respect ively.  The model used w a s  t h e  same one used t o  t h e  f i t  t h e  
composite spectrum. The only va r i ab le  in the  input  model between t h e  d i f f e r e n t  
f i t s  w a s  the  ove ra l l  normalization f a c t o r  which w a s  determined only by t h e  d a t a  
with photon energies  < 2.5 keV. 
f r e e  parameter. 
background alone cannot account f o r  a l l  the anomalous res idua ls .  
seen, t he  shape of t h e  anomalous r e s idua l s  is d i f f e r e n t  from t h e  bump background 
component. 
t he  bump background is very small compared t o  its peak value. 
The "bump background" scale f a c t o r  w a s  a l s o  a 
Figure 5b d isp lays  the  bump background component. The bump 
As can be 
In some cases the  r e s idua l s  have a maximum value at ?, 2.7 keV where 
The i n a b i l i t y  of the standard background subtra ,  'm procedure t o  account f o r  
the anomalous r e s idua l s  does not  preclude the  possibi ,  
r e l a t ed  t o  background subtract ion.  
trum from the  nominal background model are suspected i n  o ther  SSS observations 
(Symkowiak, p r iva t e  communication). 
counts made by charged p a r t i c l e s  i n  the  magnetosphere of t he  ea r th .  
i n  the  densi ty  and spectrum of these  charged p a r t i c l e s  can explain v a r i a t i o n s  i n  
the  SSS background. 
t o  account f o r  these va r i a t ions  but perhaps not comprehensive enough. 
J t h a t  t he  problem is 
Other v a r i a t i o n s  i n  the  i n t e n s i t y  and spec- 
Most of t h e  background is produced by false 
Variat ions 
Indeed, the  "bump" background scheme was an empirich? a t t empt  
Table 6 gives  a measure of t he  r e s idua l s  i n  each of t h e  observations. The 
r e s idua l s  were averaged between t h e  energy of 2.5 and 3.2 keV. This range was 
chosen t o  minimize the  dependence of measurement on the  amount of "bump" back- 
ground. Also given, f o r  comparison, is the  average f l u x  over t he  range of 0.8 
t o  2.5 keV received during the  various observations. 
t i o n s  1 and 2 are twice as l a rge  as observations 3 and 4. 
s ince  the  first t w o  observations form a d i s t i n c t  set, grouped i n  t i m e ,  from t h e  
last two observations. As can be seen i n  Table 1, observations 1 and 2 and 
observations 3 and 4 were c lose  toge ther  i n  t i m e  but,  t he  epochs f o r  each p a i r  
were r e l a t i v e l y  far a p a r t  (% 9 days). The observations i n  the  f i r s t  p a i r  looked 
a t  edges of t he  remnant and subtended a smaller f r a c t i o n  of t he  sur face  br ightness  
than the  second p a i r  which w a s  more c e n t r a l l y  located on the  remnant. 
rates from the  f i r s t  p a i r  were smaller f o r  t h i s  reason. 
sho r t e r  i n t eg ra t ion  times. The c o r r e l a t i o n  of t he  i n t e n s i t y  of t h e  r e s i d u a l s  with 
the  epoch of t he  observation and the  an t i - co r re l a t ion  with t h e  i n t e n s i t y  of t he  
known source i n t e n s i t y  a t  o the r  photon energies would support the  notion t h a t  
t he  r e s idua l s  were caused by an inaccurate model of the  background. Anti- 
co r re l a t ion  of t he  r e s idua l  i n t e n s i t v  with in t eg ra t ion  t i m e  might a l s o  be ind ica t ive  
of background problems. 
have not been he lpfu l .  The source i n t e n s i t y  a t  t he  pe r t inen t  energ ies  overwhelmed 
the e f f e c t  we were looking fo r  i n  o ther  observations.  In  any case,  t he  effect 
might vary with pos i t ion  over t h e  e a r t h  as w e l l  as the  o r i e n t a t i o n  of the  te lescope  
r e l a t i v e  t o  the  d i r e c t i o n  of the magvetic f i e l d  and both of these  parameters may 
be cor re la ted  with the  pointing of the  telescope i n  t h e  d i r e c t i o n  of RCW 103. 
However, the evidence for  background contamination is far from conclusive, and we 
The res idua l s  from observa- 
This may be s i g n i f i c a n t  
The count 
The f i r s t  p a i r  a l s o  has  
Examination of o ther  observations taken during t h i s  time 
)w examine possible cont r ibu t lnns  t o  these r e s idua l s  t h a t  o r ig ina t e  a t  the  
remnant. 
Attempting t o  explain the  r e s idua l s  in terms of emission from an o p t i c a l l y  
t h i n  plasma is d i f f i c u l t .  
energies  g rea t e r  than 2.5 keV. 
of f  f a s t e r  than the  da t a  regard less  of t he  temperature. 
poss ib le  explanation, but it has d i f f i c u l t i e s .  Any s i g n i f i c a n t  cont r ibu t ion  due 
t o  the  l i n e  emission from elements with (2 - < 16) can be ruled out .  Thz s t r eng th  
of the  Ka emission f ea tu res  g ives  dp?er limits t o  the  amount of power C r o m  these  
elements in  the l i n e s  above 2.5 k e V .  
of t h i s  type is a result of an n = 3 t o  n = 1 t r a n s i t i o n  in S XV (line energy at  
2.88 lceV). 
would cons t ra in  the  power in the  2.88 keV line t o  be f a c t o r  
quired t o  explain the  da t a  a t  t h a t  energy. 
hundred r e l a t i v e  t o  s o l a r  could expla in  the  d a t a  but  is unlikely.  
'The da ta  requi re  a r i s i n g  photon spectrum at photon 
Any add i t iona l  continuum component, then, f a l l s  
L ine  enissfon is a 
For example, one of the  amst powerful lines 
Even under the  most op t imis t i c  condi t ion the  power in the  S Ka f e a t u r e  
7 below t h a t  re- 
An overabundance of ch lor ine  of a few 
Before considering o ther  s p e c t r a l  forms, a re levant  f a c t o r  is the  c e n t r a l  
po in t  source of the  remnant. 
be s a i d  f o r  s u r e  whether o r  not the  point  source was within the  f i e l d  of view of 
the de tec tor  during each observation. It w a s  c e r t a i n l y  within the  f i e l d  of view 
during observation number 4 and most l i k e l y  within the  f i e l d  during observation 
number 3. Given the  nominal pos i t ions ,  the point  source w a s  not involved i n  ob- 
se rva t ions  number 1 and 2. 
pr iva t e  communication), it might be i n  one of those f i e l d s  of view, but not both of 
them. It is not possible ,  then, f o r  the point  source t o  explain a l l  the  res idua ls .  
It is possible  tha t  the r e s idua l s  i n  observations 1 and 2 are not caused by the  same 
phenomenon as i n  l a t t e r  observations,  so w e  cannot r u l e  out the  r o l e  of the  point 
source i n  t h i s  matter. 
Enough systematic uncer ta in ty  e x i s t s  t h a t  i t  cannot 
Including poss ib le  o f f s e t s  of the  col l imator  (Symkowiak, 
A black body spectrum required a temperature of % 5 keV and an emi t t ing  region 
with a c h a r a c t e r i s t i c  s ize  of 2, 100 m a t  a dis tance  of 4 kpc. 
s t a r  densi ty  as an upper l i m i t  t o  the  d e n s k y  of t he  emi t t ing  region, we ca l cu la t e  
t ha t  the cooling time for  t h i s  proposed black body would ,$ 100 days. 
Taking a neutron 
Thus the  
emit t ing region would need t o  be 2, 0.01 t h e  s i z e  of a neutron star and would need 
t o  be re-energked. 
Conclusions 
The main conclusions of t h i s  chapter are: 
1) No var i a t ion  can be detected in the  spectrum col lec ted  from d i f f e r e n t  regions 
of t he  remnant. 
2) The da ta  cannot be used to  discr iminate  between whether non-Boulomb electron-  
ion energy excahnge processes may be present  a t  the shock f ron t .  
3) Assuming t h a t  non-Boulomb processes a r e  present  - a l i k e l y  hypothesis given 
results from other  young SNR's, t he  da t a  are cons is ten t  with the  idea t h a t  
the  emission is a l l  from t h e  shocked i n t e r s t e l l a r  medium with approximately 
s o l a r  composition of heavy elements. 
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425.378 
a4 122 
#34.S63 
lnt. time 
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1679.4 
1638.4 
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4341.8 
Position 
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Relative FIux 
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Table 3 
NIE Model uithout ejecta 
a (foeVS cm) 
Eo (foe) 
no (ern+') 
t 3  ( 1c3 years) 
D ( A ~ C )  
TI # 
best fit 
1.8 
0.5 
- 
3.6 
5.0 
0.83 
0.79 
1.9 
0.20 
2.3 
~ 
0.23 
0.03 
2.1 
0.85 
1.6 
best €it 
-- - 
0.56 
0.34 
- 
4.2 . 
3.7 
1.5 
1.0 
1.3 
0.75 
7' = & 
- limits 
-- 
0.66 0.35 
0.30 0.49 
- - 
4.8 0.0 
4.1 3.2 
1.4 2.1 
1.0 1.2 
1.6 1.3 
0.71 1.3 
1.9 I 2.1 2.1 
0.37 
0.05 
0.92 
1.6 
2.6 
- 
0.26 01.1 
0.02 0.6 
1.2 0 . 6  
1.2 3.2 
1.9 6.7 
cb. foe z I@* ergs (Iifty-oae ergs; a I fax Bcthe) 
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1.1 x 10'~ cm-5 
0.51 keV 
8.4 x 1 011 cm's 
26 keV 
5.9 x I@' cm" 
2.3 solar 
1.9 solar 
3.2 solar 
2.9 solar 
Table 5 
M E  Eodel with ejecta 
2 0  
0.62 
4.9 
. 1.6 
4.7 
1.1 
0.83 
1.2 
0.2 
2.7 
0.45 
0.13 
0.6 
1.4 
0.72 
2.4 
1 
0.31 
0.55 
3.0 
> 1.6 
0.29 
3.1 
1.4 
1.2 
- 2.4 
2.6 
> 1.7 
> 1.6 
> 4.0 
< 0.32 
> 2.7 
> 9.2 
Obs # Residual flux Total flux 
(2.5 - 3.2 keV) (0.6 - 2.5 keV) 
. 1  4.5 * 0.9 
2 4.7 i 0.9 
3 2.1 r0.6 
4 2.3 .L 0.5 
26.5 0.9 
28.6 i -1 .0  
49.3 5 0.8 
38.1 f: 0.7 
Figure Captions 
Figure 1 
The x-ray sur face  br ightness  map (Touhy, p r i v a t e  communication) from the  
Imaging Proportional Counter (IPC) experiment on the  HEAO A-2 spacecraf t .  
C i r c l e s  represent t he  four f i e l d s  view of t h e  SSS observatione. 
Figure 2 
The results of attempting t o  f ind  a generalized model t h a t  was cons is ten t  with 
the  four d i f f e r e n t  observations are displayed. Hietogram represents  model. 
Figure 3 
Results are shown of b e s t  f i t s  t o  t he  d a t a  when no e j e c t a  was included ( f a r  Sedov 
l i m i t ) .  (a) is f o r  Coulomb hea t ing  model and (b) assumes electron-ion thermal 
equilibrium. 
Contours show t h e  change of X2 from the  bes t  f i t .  
I n s e r t  i n  (b) is t h e  pro jec t ion  of X2 space on the  q - T plane. 
Both 4 . 6  and 10 a r e  shown. 
Figure 4 
Results a r e  shown of bes t  f i t s  t o  t h e  da t a  when e j e c t a  was included. 
Coulomb hea t ing  model and (b) assumes electron-ion thermal equilibrium. 
(a)  is f o r  
Figure 5 
Figure 5 shows the  same f i t  as was i n  Figure 3b but ,  now, a l l  t he  da t a  is shown. 
(b) d i sp lays  the  r e s idua l s  of the f i t  and ( c )  gives t h e  bump f r a c t i o n  func t ion  
fo r  compariso,,. 
Figure 6 
The r e s idua l s  frcm each observations t o  the  mcdel i n  Figure 3b are shown. 
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4.4 Concluding Remarks 
The N I E  models seemed successfu l  from the  point of view of t he  "global" 
i s sues  s ince  t h e  models d id  give adequate f i t s  t o  t h e  da t a  with phys ica l ly  
reasonable parameters. The x were somewhat high, bu t  t h i s  is reasonable given 
systematic uncertainties i n  t h e  modeling of t h e  de t ec to r s ,  known unce r t a in t i e s  i n  
t h e  atomic physics, and devia t ions  at the  source from t h e  i d e a l  condi t ions  
assumed in the  model. 
g ives  reason f o r  some caution in accepting in fe r r ed  remnant parameters, t h e  
physically reasonable r e s u l t s  do ind ica t e  t h a t  these  models do hold some promise 
f o r  use i n  f u t u r e  observations. 
2 
Although t h e  ex is tence  of these  systematic u n c e r t a i n t i e s  
C I E  model f i t s  t o  MSH 14-63 d a t a  had required two plasmas a t  d i f f e r e n t  
temperatures. 
l i n e s ,  t h e  d a t a  could be accounted f o r  by shocked ISM of solar composition. 
offend+-ng l i n e s  only required abundance changes by a f a c t o r  of % 3, but  as was 
discussed they could be explained by the  dens i ty  inhomogenities t h a t  do seem t o  
be present in MSH 14-63 o r  by ejecta. 
The NIE model showed t h a t  with t h e  exception of t h e  S and Fe Ka 
The 
In t h e  case of t he  SSS data  f o r  RCW 103, C I E  modeling again required two 
temperature components i n  order t o  give adequate f i t s .  
< 2 were reouired f o r  Mg, Si, S, and Fe t o  expla in  the  i n t e n s i t y  of t h e  l i n e  
emission. 
assuming emission from shocked ISM of near s o l a r  composition. 
Abundance anomalies of 
The N I E  once more proved successfu l  in providing good f i t s  t o  t h e  da t a  
The questior -. emission from reverse-shocked e j e c t a  was not  c l e a r l y  
answered by the  work here. 
parameter. Wnen 8 was low, the  e j e c t a  was too small an emission component. With 
increas ing  8 the  emission s t a r t e d  t o  become s i g n i f i c a n t  but t he  temperature was 
so low t h a t  t he  bulk of t he  f l u x  from the  e j e c t a  component was e i t h e r  below t h e  
bandpass of the  de tec tor  o r  was a t tenuated  by i n t e r s t e l l a r  absorption. 
For th t ;e  da t a  sets, 8 was not  a w e l l  determined 
On t h e  i ssue  of electron-ion thermal equi l ibr ium the  da ta  from MSH 14-6’ 
resoundingly asser ted  t h a t  some non-Coulon& energy exchange mechaniem must e x i s t  
behind the  b l a s t  wave. MSH 14-63 j o i n s  Cas A and Tycho as young remnants where 
evidence f o r  a non-Coulomb mecharism have been found. The case of RCW 103 is 
uncertain.  
t i o n  d i f f i c u l t .  
Lack of information i n  the  spectrum above 4 keV makes t h e  in t e rp re t a -  
Future observations providing simultaneously good s p e c t r a l  and s p a t i a l  
reso lu t ion  which are planned f o r  t he  next generation x-ray te lescope,  can be 
invaluable for  separat ing t h e  e j e c t a  component of t he  spectra from t h e  shocked 
ISM and f o r  es tab l i sh ing  whether surface br ightness  va r i a t ions  within a remnant 
are due t o  a f i l l i n g  f a c t o r s  o r  densi ty  inhomogenities. 
reso lu t ion  of AE/E 
of l i n e s  from individual  i on ic  species  of t he  same element. 
more d i r e c t  plasma d iagnos t ics  than those i n  t h i s  t h e s i s  which had t o  i n f e r  t he  
f ine s t r u c t u r e  from lower reso lu t ion  spectra .  
Observations with s p e c t r a l  
1% with o r  without spatial reso lu t ion  would allow measurement 
These would allow 
5.0 Optical I d e n t i f i c a t i o n  of X-ray Sources 
Discovery of new X-ray sources is dramatic and can have considerable 
scientific impact, bu t  unt i l  an o p t i c a l  counterpar t  f o r  t h e  X-ray source is 
found l i t t l e  f u r t h e r  work can be done. This is t r u e  because X-ray d e t e c t o r s  have 
comparatively low s p a t i a l  and s p e c t r a l  reso lu t ion ,  and are encumbered by t h e  
necess i ty  of space-borue observatories.  
the  f u l l  range of accumulated o p t i c a l  experience can be brought t o  bear ,  
e spec ia l ly  in  the  areas of high r e so lu t ion  spectroscopy and long and short-term 
v a r i a b i l i t y .  An o p t i c a l  pos i t i on  is a l s o  p rec i se  enough so t h a t  instruments i n  
o the r  wavelengths; u l t r a v i o l e t ,  infra-red, and rad io ,  f o r  example; can be 
e f f i c i e n t l y  u t i l i z e d .  
Once an o p t i c a l  counterpart  i n  found 
The s p e c i f i c  set of X-ray sources we are concerned with are those discovered 
by t h e  HEAO-1 A-2 experiment Low Energy Detectors (LED's). 
surveyed fo r  t h e  f i r s t  t i m e  over 95% of t h e  sky i n  t h e  energy band 0.15-2.8 keV 
down t o  a l i m i t i n g  magnitude of 1 x 
seen by t h i s  experiment, using a very s t r ingen t  60 exis tence  cri teria,  contained 
114 sources (Nucent e t  a1 1983). 
consider t h a t  of t he  49 sources i n  t h i s  ca t a log  with f l u x  between 0.15 and 0.44 keV 
only 12 were previously known. 
This experiment 
e r g s  cm'* s-'. A ca ta log  of t he  sources 
To apprec ia te  t h e  impact of t h i s  experiment 
Unfortunately the  uncer ta in ty  i n  pos i t i on  of these sources,  r e s u l t i n g  from 
the  f luc tua t ions  i n  counting stat*sticswas signif?.cant. The pos i t i on  was only 
determined t o  a c h a r a c t e r i s t i c  s i z e  of 2, 0.2" i n  one d i r e c t i o n  and % 3" i n  t h e  
o ther .  A s  t h e  b r i g h t e s t  ob jec t s  i n  t h e  X-ray sky are not n e c e s s a r i l l y  b r i g h t  
o p t i c a l l y  t h i s  is fai- t o  imprecise t o  allow o p t i c a l  i d e n t i f i c a t i o n .  
To f u r t h e r  refine t h e  pos i t ion  i t  is necessary t o  acqui re  more data. We have 
employed th ree  techniques. 
search the  HEAO-1 LED e r r o r  boxes f o r  br ight  X-ray emi t t ing  ob jec t s .  The Imaging 
Proportional Counter (IPC) aboard Eins te in  has a f i e l d  of view of 2, 1" and 
In one, the Eins te in  X-ray Observatory was used t o  
produces X-ray source pos i t ions  accura te  t o  1'. An ob jec t  b r i g h t e r  than twel f th  
magnitude o p t i c a l l y  i n  such a small box was s u f f i c i e n t l y  uncommon as t o  make the  
i d e n t i f i c a t i o n  by coincidence. 
t o  select t h e  X-ray emitter. 
Fa in te r  ob jec t s  had t o  be s tudied  spec t roscopica l ly  
The por t ion  of t h i s  program p a r t i a l l y  supported by t h i s  grant w a s  t h e  o p t i c a l  
i d e n t i f i c a t i o n .  
Cai Tech and t h e  Black Moshannon 60" telescope during the  phase a t  Penn S ta t e ,  w e  
performed high and low re so lu t ion  spectroscopy. 
U t i l i z i n g  t h e  M t .  Palomar 60" t e lescope  during the  phase a t  
Gf e igh t  HEAO-1 source e r r o r  boxes completely searched by Eins te in  s i x  
produced s t rong  X-ray socrces. 
de tec tab le  during the  Eins te in  observation.)  Two of these  are loca ted  i n  t h e  
Southern Hemisphere ahd not access ib l e  t o  ;a. Palomar o r  Black &Shannon, bu t  we 
have managed successfu l  cooperation with our southern colleagues (Jensen, Nousek 
and Nugent 1982; Mason et  a1 1983; Nousek and Pravdo 1983). 
(The o ther  two are presumably va r i ab le  and so not 
In add i t ion  t o  the  b r igh t  HEAO-1 sources f a i n t e r  X-ray sources appear 
se rendip i tous ly  i n  the  IPC f i e l d s .  We have endeavore.' t o  i d e n t i f y  these  c s  w e l l .  
The observing pa t t e rn  was as follows. For the  b r i g h t  stars, b r igh te r  than 
Urn, w e  assumed t h e  star was the  X-ray source and undertook high r e so lu t ion  
spectroscopy sezrching f o r  anomalies i n  t h e  spectrum. For the  f a i n t e r  ob jec t s  we  
conducted imaging co lor  photometry t o  select blue candidates i n  the  f i e l d  and 
followed up with low resoll i t ion spectroscopy down t o  
conducted 18 n igh t s  of observing, t en  n igh t s  t o  spectroscopy, four n igh t s  t o  
imaging photometry and four were clouded out .  
photometry i n  th ree  co lors  on 18 X-ray f i e l d 6 ,  mostly sered ip i tous .  
rzso lu t ion  s p e c t r a l  types are obtained f o r  36 p c j s i b l e  candidates,  as w e l l  as .? 
modest l i b r a r y  of comparison spec t ra .  Repeated spec t r a  of 18 br' , , t  candidates 
were obtained a t  high reso lu t ion  t o  look f o r  s p e c t r a l  changes with t i m e .  
16". A t  M t .  Palomar w e  
In t h i s  t i m e  w e  performed 
Low 
A t  Black Moshannon 31 n igh t s  were assigned, of wnich 18 were l o s t  t o  clouds 
o r  equipment f a i l u r e s .  
spectroscopy of 18 ob jec t s ,  oqe of which w a s  qbserved 50 times t o  follow l i n e  
p r o f i l e  s h i f t s .  
The remaining 1 3  n igh t s  ware devoted t o  low re so lu t ion  
The s c i e n t i f i c  r e t u r n  of t h i s  program has been s u b s t a n t i a l .  A new Seyfer t  1 
galaxy was discovered a t  a r e d s h i f t  of Z - 0.038, E1615+061 (Pravdo et a1 1981a, 
Pravdo e t  a1 1981b). 
s o f t  X-ray sources is surpr i s ing .  
ardinary ( fo r  a Seyfer t ) .  
may be t y p i c a l  of Seyfer t s ,  but only rarely a b l e  t o  escape the  core region of t he  
galaxy. 
of EL615tO61. 
The presefce of a Seyfer t  i n  a ca t a log  of t h e  b r i g h t e s t  
The o p t i c a l  p rope r t i e s  of E1615tO61 seem 
Pravdo et  a1 suggest t h e  g rea t  s o f t  X-ray luminosity 
Hence only a few Sei- . ts a t  any one t i m e  w i l l  exh ib i t  t h e  X-ray p rope r t i e s  
The apparently normal n in tn  magnitude G star HD155638 shows dramatic C a  H and 
K emission r eve r sa l s  (Nousek e t  a1 1980, S te rn  e t  a1 1981). These emission 
r eve r sa l s  are d iagnos t ic  of an a c t i v e  chromosphere, which apparently r e s u l t s  i n  
a powerful coronal X-ray source. 
t o  the  absorption p r o f i l e  but t h e  r a d i a l  ve loc i ty  of t h e  sharper l i n e s  suggest 
no o r b i t a l  motion. Ei ther  HD155638 is a binary sys tem of two extremely similar 
stars, i n  which only one is a c t i v e ,  o r  it is a s i n g l e  s t a r  r o t a t i n g  r ap id ly  with 
highly confined sur face  regions of a c t i v i t y .  
t o  t he  RS Canes Venaticorum stars, the  most a c t i  e coronal emi t t e r s ,  t he re  a r e  
s t i l l  some d i f fe rences .  
The cent ro id  of t h e  r e v e r s a l  s h i f t s  with respec t  
While HD155638 shows some s i m i l a r i t y  
A very recent discovery has been a new AM Hercul i s  type binary system 
E2003+225 (Nousek e t  a1 1982, Nousek e t  a1 1983). 
mass star o r b i t i n g  around a highly magnetized white dwarf. 
a cc re t ion  d i sk  found i n  most astrophysical. accre t ion  s i t u a t i o n s  i n  A l l  Her s t a r s  
the  s t r m g  magnetic f i e l d  channels the flow i n t o  an acc re t ion  columns. 
study of these systems is p a r t i c u l a r l y  in t r igu ing  because of the  complex behavior 
These systems cons i s t  of a low 
Rather than the  
The 
of t he  emission l ine p r o f i l e s  and doppler s h i f t s ,  s t rong  and va r i ab le  o p t i c a l  
po la r i za t ion  and high W and X-ray luminosity and v a r i a b i l i t y .  
AN Her systems known E2003+225 has the  longest period (3 
makes absexvations e a s i e r  and probes t h e  e f f e c t  of s y s t e m  separa t ion  on the  
phenmena of t he  type .  
and c i r c u l a r  and l i n e a r  po la r i za t ion  is cu r ren t ly  i n  preparation. 
Of about a dozen 
h 42m) and thus  both 
A paper combining HEAO-1, Eins te in ,  high speed photometry 
A similar systems with weaker magnetic f i e l d s ,  AC Cancri, is a s t ron?  
candidate f o r  another HEAO-1 source. Time resolved spectroscopic observation 
of AC Cnc through e c l i p s e  with the  Palomar 200" telescope are cu r ren t ly  being 
reduced. 
Useful as t h i s  technique is, the  demise of <he Eins te in  ilbservatory has  
forced us t o  look f o r  a l t e r n a t i v t  means of iuen t i fy ing  t h e  remaining 36 sources. 
Of the  ?lEAO-1 sources located by Eins te in  near ly  a l l  were t ) ? i f i e d  by emission 
l i n e  spectra, and a l l  a r e  r e l a t i v e l y  b r igh t  (6 15m). 
search f o r  emission l i n e  and b?iie continuum ob jec t s  2xist. 
t o  use a wide f i e l d  SchmiZz i.clesrope with an objec t ive  prism. We have taken 
a t  s e r i e s  of 22 p l a t e s  !a t k l s  y i q ,  usfng the  24" Bur re l l  Schmidt a t  K i t t  Peak 
National Observatory and the  24" Cur t i s s  Schmidt at  t h e  Cerro Tololo f n t e r -  
American Observatory. With a s ing le  exposure t h e  Schmidt telescopes take  low 
reso lu t ion  spec t ra  of every objec t  wi th in  the  5 "  x 5" f i e l d  of view. Thie .Ls 
e a s i l y  l a rge  enough t o  include t h e  e n t i r e  HEAO-1 e r r o r  box. 
l i es  i n  the ana lys i s  of the  plates. 
of spec t r a  p roh ib i t s  t he  use of t h i s  technique. 
Optical  techniques t o  
One o f  t h e  bes t  is 
The major problem 
A t  g a l a c t i c  l a t i t u d e s  beiow 20" the  confusion 
The plates tilken i n  these  two runs ( 4 p r i l  and Noveaber, 1982) have been 
searched and seven promising candiates r e su l t ed .  Higher r L  ; o h t i o n  spectroscc,pic 
work and IUE observations a r e  underway t o  b e t t e r  i de rx i fy  these  objec ts .  
The t h i r d  o p t i c a l  technique we are using t o  study X-ray sduces is t o  search 
for  rapid v a r i a b i l i t y .  Jensen (1982) has used t h e  HEAO-1 LED da ta  t o  cont ra in  
t he  X-ray emi t t ing  proper i ies  of t he  old nova and novt l i k e  v a r i a b l e  sub-class of 
cataclyslnic var iab le .  
bu r s t  in f requent ly ,  but the  observed n;;mber of ou tbu r s t s  is r e l a t i v e l y  high. 
ch t s  is t r u e  then many of these  va r inb le s  arc near u s  'waiting' t o  go i n t o  
outburs:. 
of -3derately b r igh t  X-ray source. 
Current theory suggests these  va r i ab le s  are on1.y i n  out- 
I f  
Their X-ray emission should be s t a t i s t i c a l l y  detected as a population 
Jensen (1952) f inds  the re  ate t c o  few such source: t o  reso lve  t h e  missing 
dwarf nova problem and concludes t h e  X-ray emission must oe smothered. 
is t r u e  then t h e  old novae can only be Letected by t h e i r  rap id  o p t i c a l  v a r i a b i l i t y .  
I f  t h i s  
In order  t o  search f o r  v a r i a b l e  stars, she?: (?. 15m) exposures using t h e  
Palomar 48" Schmidt telescope have bsen taken of t h e  same 7" x 7" part of t h e  sky. 
A series of nine such plates, containing 27 images, have beer: co l lec ted .  
stars w i l l  produce 27 approximately equal images, bu t  stars which vary over 
shor t  t imescales w i l l  produce varying images. 
Most 
The major d i f f i c u l t y  i n  t h i s  program is s e l e c t i n g  out t h e  varylAg iagges 
5 from the  ?. 10 star images on each p l a t e .  The Image Processing Lab a t  t h e  
Jet Propulsion Lab has kindly offereir t o  d i g i t i z e  and analyse a t r ia l  p l a t e .  
This cc .wter s e l ec t ion  process is not o e r f e c t ,  but from t h e  top 50 candidates 
picked by the  computer w e  have found evidence of v a r i a b i l i t y  i n  s i x  on tJ  e s c d e s  
of 30 minutes o r  less. 
Black Moshannon Observatory t h i s  summer. 
Follow ur  spectroscopic s t u d i e s  w i l l  be undertaken a t  
6.0 Evaluation of c e r t a i n  Metal Oxides as X-ray Detecrors 
Current X-ray de tec torspossessenergy  reso lu t ion  which is determined by t h e  
f luc tua t ion  i n  the n&ar of ion-electron p a i r s  generated i n  t h e  de t ec to r  
following photoe lec t r ic  absorption of an X-ray. 
required t o  produce an ion-electron p a i r  is of t h e  order of 25 eV. 
tn the  s igna l  generated by a mean number of ion-electron p a i r s  is proport ional  to  
tt, square r - o t  of t h i s  number f o r  a given material t i m e s  a f a c t o r  (Fano f a c t o r )  
wk '.ch modifies t h i s  statistical process based on t h e  production of ion-electron 
p a i r s  by t h e  photo e l e c t v m .  
charge co l l ec t ion ,  are sometimes lumped with t h i s  cor rec t ion  t o  provide an o v e r a l l  
cor rec t ion  t o  the  statistical f luc tua t ions  i n  the  mean charge generated in t h e  
i n t e r a c t  ion. 
For gaseous de t ec to r s  t h e  energy 
The f luc tua t ions  
Counter e f f e c t s ,  such as var i ab le  gas gain and 
Solid state de tec tors  based on Si, G e  o r  HgI requi re  less energy t o  generate  an 
ion-electron p a i r  than a gas, since the valence and conduction e lec t rons  r equ i r e  less 
energy t o  remove them from the  nuclear charge when the  atoms are bound in a s o l i d .  
The energy f o r  these s o l i d s  are roughly 4 e V  t o  generate an ion-electron pa i r .  
2 
Transi t ion metal oxides are thought t o  requi re  less energy t o  produce an 
ion-electron p a i r  than other  s o l i d s  because of t h e  na ture  of d-electrons forming 
the  bonds i n  the crystal Lat t ice .  
s l i g h t l y  more. 
not high, then a f ac to r  of up t o  two i n  i n t r i n s i c  energy reso lu t ion  could be 
achieved. 
metal oxides,  so a program was i n i t i a t e d  t o  obtain some bas i c  da ta  on seve ra l  such 
The energies  may be a s  low a s  one e V  o r  
I f  such a mater ia l  can be found f o r  which e lec t ron  t rapping is 
No d i r e c t  measurements of t h i s  quant i ty  has been made on t r a n s i t i o n  
mater ia ls  including V205, Cr20g, T i 0 2  and MnO, a l l  of which show e l e c t r i c a l  
p r o p e r t i e s a t l o w  temperature which can y i e ld  data on the  ion-electron pair pro- 
duction and e lec t ron  trapping. 
A c r y s t a l  of each of the above substances has been obtained. A laboratory 
up has been developed for  coating the c r y s t a l s  w i t h  gold t o  provide e l e c t r i c a l  
s e t  
contact. 
for the  measurements. Unfortunately, the graduate student working on t h i s  
problem decided t o  go Into theory, so the measurements have not been completed 
a t  t h i s  time. They w i l l  be carried out by a lab ass i s tant  in  the next few 
months . 
A dewar for COOlIng end a thermistor thermometer has been constructed 
Allen, C. W., 1976, Astrophysical Quan tities, 4 th  ed. (London; The Athlone Press).  
Bachall, J. N., and Wolf, R. A. 1965, m., 142, 1254. 
Becker, R. H., Holt, S. S., Smith, B. W., White, N. E., Boldt, E. A., Muchotzky, 
R. F. and Serlemitos, P. J. 1980, Ap.J. (Letters), 235, L5. 
Bevington, P. R. 1969, Data Reduction and Error Analysis f o r  t h e  Physical  
Sciences (New York; McGraw-Hill). 
Caswell, J. L., Clark, D. H., and Crawford, D. F. 1975, Australian J. Phys. Suppl., 
37, 39. 
Caswell, J. L. -- et al. 1976, Astron. Astrophys. 
Chevalier, R. A., 1977, Ann. Rev. Astr. Ap., 15, 175. 
Chevalier, R. A. 1975, Ap.J., 200, 698. 
Clark, D. H. and Caswell, J. L. 1976, M.N.R.A.S., 174, 267. 
Clark, D. H. and Stephenson, F. R., 1977, H i s t o r i c a l  Supernovae (Oxford; Pergamon 
Press). 
Cox, 1). P. and Anderson, P. R. 1982, Ap.J., 253, 268. 
Fireman, E. L. 1974, Ap.J., 187, 57. 
Glen, G. and Sutherland, P. G. 1980, Ap.J., 239, 671. 
Groenshild, E. H. B. M., 1979 Utrecht University Ph.D. thes i s .  
Goss, W. M., and Shaver, P. A. 1970, Aust. J. Phys., Astro. Suppl., 14, 1. 
Gull, S. F. 1973, M.N.R.A.S., 161, 47. 
Gull, S. F. 1975, M.N.R.A.S., 171, 263. 
Hamilton, A. J. S., Sarazin, C. L., and Chevalier,  R. A. 1982 (p rep r in t ) .  
H i l l ,  E. R. 1967, Australian J. Phys., 20, 297. 
I toh,  H.,  1977, Publ. Astr. SOC. Japan, 29, 813, 
I toh,  H., 1978, Publ. A s t r .  SOC. Japan, 30, 489. 
Ltoh, k!., 1979, Publ. Astr. SOC. Japan, 31, 541. 
Jensen, K. A., 1982, Ph.D. Thesis, Ca l i fo rn ia  Inst i tute  of Technology. 
Jensen, K. A., Nousek, J. A., and Nugent, J. J., "Hl409-45: A Recurrent S o f t  
X-ray Transient", Ap.J., 261, 625, 1982. 
Joyce, R. M., Becker, R. H., Birsa, F. B., tblt, S. S., and Noordey, M. P. 1978, 
IEEE Trans. Nucl. Sci.,  25, 453. 
Kato, T. 1976, Ap.J. Suppl., 30, 397. 
Lampton, M. e t  al. 1976, A4.J., 208, 177. 
Lucke, R. L., et al. 1979, Ap.J., 228, 763. 
Mansfield, V. N., and Sa lpe ter ,  E. E. 1974, w., 190, 305. 
McKee, C. F. 1974, Ap.J., 188, 335. 
Mewe, R., Schr i jver ,  J., and Sylwester, J., 1980, Astr. Ap. Suppl., 40, 323. 
Meyer, J., 1979, Les  E lememts  et  l e u r s  Iostope dans l*Unlvers,  Comm. 22nd Colloq. 
In t .  d'Astrophys. Liese, p. 153. 
Moore, W. C. and Garmire, G. P., 1976, Ap.J., 206, p. 247. 
Naranan, S. e t  al. 1977, Ap.J. (Letters), 213, L53. 
Normoto, K. and Tsurta, S. 1981, Ap.J. (Letters), 250, L19. 
Nousek, J. A. and Pravdo, S. H., "IUE Observations of E1405-451: A New AM Her-type 
Cataclysmic Variable", Ap.J. (Letters), - 266, L39, 1983. 
Nugent, J ,  J. and Garmire, G .  P. 1978, Ap.J. (Letters), 226, L83, 
Nugent, J. J. e t  a l .  1982, Ap.J. Suppl., (accepted). 
Nugent, J.  J., Jensen, K., Nousek, J. A., Garmire, G. P., Mason, K., Walter, F., 
Bowyer, S. ,  Stern,  R., and Riegler, G.  R., "HMO-A2 Sof t  X-ray Source Catalog", 
Ap.J. Suppl., Sl, 1, 1983. 
Nussbaumer, H. and Osterbrook, D. E. 1970, w., 161, 811. 
Pradhan, A. K., Norcross, D. W., and Hummer, D. C. 1981, Ap.J., 246, 1031. 
Pravdo, S. H. and Smith, B. W. 1979, Ap.J. ( L e t t e r s ) ,  234, L195. 
Pravdo, S. H., Nugent, J. J., Nousek, J. A. ,  Jensen, K., Wilson, A. S., and Becker, 
R. H., "Discovery of a Seyfert  1 with an Unusually Soft  X-ray Spectrum", 
1sp.J., 251, 501, 1981. 
Raymond, J. C. and Smith, B. W. 1977, Ap.J. Suppl., 35, 419. 
Richardson, M. B., et el. 1982, AF.J. I 255, 624. 
Rlchtmyer, R. D e ,  and Morton, K. W., 1967, Difference Method8 for Ini t la l -Value 
Problems, 2nd ed. ( N e w  York; InterScience).  
Rlegler,  C. R., S tern,  R. A., Liewer, K., Vescelus, F., Nousek, J. A. and Garmire, 
C. P. 1981, NASA Technical Memorandum 183848, "X-ray Astronomy i n  t h e  1980'8". 
p. 289. 
Rothsch!\d, R. et a l . ,  1979, Space S c l .  Ins t . ,  4 ,  169. 
Sedov, L., 1959, S imi la r i ty  and Dimensional Methods i n  Mechanics, ( N e w  York; 
Academic). 
Shlovsky, I. S., 1962, Soviet Asto., 6,  162. 
Shull ,  J. M. 1981, Ap.J. Suppl., 46,  27. 
Shull ,  J .  M. , 1982, (p rep r in t ) .  
Solinger,  A. ,  Rappaport. S., and Buff, J. 1975, I\p.J., 201, 381. 
Spi tzer .  L. 1962, Phvslcs of Fully Ionized Gases, 2nd ed. , ( N e w  York; Interscience) .  
Sp i t ze r ,  L. 1978, Physical Process i n  t h e  I n t e r s t e l l a r  Medium, (New York; Inter- 
Science) . 
Stern,  R. A.. Liewer. K., and Janesick,  J. R., 1983, R.S.I. 54(2), 196. 
Stern, R. A , ,  Nousek. J. A, ,  Nugent, J. 3 . .  Agrawal, P. C.,  Rlcgler ,  C. R., 
Rosenthal, A. J . ,  Pravdo, S. H., and Germlre, C. P., "X-ray and Optical  
Observations of HD155638: A Remarkablv Actlvc Cool Star". Ap.J. ( L e t t e r s ) ,  
,751, i l 0 5 ,  1981. 
Tuohy, I .  R. - e t  a l .  .- 1979, Ap.J. ( L e t t e r s r ,  230, L27, 
Tuolry, I .  R .  and Carmire, C. P. 1980, Ap.J. ( L e t t e r s ) ,  
Tuohv. I .  R. ct g .  , 1983 ( i n  preparat ion) .  
Tucker, W. ti. , and Koren, M. 1971, Ap.J. , 168, 283. 
Westerlund, B. E. 19699, Astron. J., 74, 879. 
Westerlund, B. E. 1963b, Astron. J., 74, 882. 
Wlnkler, P. F. 1978, Ap.J., 221, 220. 
Wlnkler, P. F., Caniteres, C. R., Clark, C. W.,  Market, T. H., and Petre, R., 
1981, Ap.J., 245, 574. 
Papers and Abstracts supported by t h e  Grant 
S. Pravdo, J. Sugent, J. Nousek, K. Jensen, A. Wilson, and R. Becker, 1981 - BAAS, l3, 521. 
J. Nousek, R. Stern,  J. Nugent, A. Rosenthal, S. Pravdo and G.  Garmire 
1980, BAAS, l2, 855. 
"X-ray and Optical  Observations of RD155638: A Remarkably Active Cool Star",  
R. A. Stern ,  J. A. Nousek, J. J. Nugent, P. C. Agrawal, G. R. Riegler ,  
A. J. Rosenthal, S. 8. Pravdo, and G. P. Garmire, Ap.J. (Letters), 
251, L105, 1981. 
"Discovery of a Seyfer t  1 with an Unusually Soft  X-ray Spectrum" S. E. Pravdo, 
J. J. Nugent, J. A. Nousek, K. Jensen, A. S. Wilson, and R. H. Becker, 
Ap.J. 251, 501, 1981. 
J. Nousek, G. Luppino and S. Gajar, 1982 IAU Circular  No. 3'33. 
J. Nousek, L. Takalo, H. Bond, G. Schmidt, and S. Tapia, 1982, m, l4, 980. 
G .  R. Riegler,  R. A. Stern,  K. Liewer,  F. Vescelus, J. A. Nousek and G. P. 
Garmire 1981, NASA Technical Memorandum Q83848, "X-ray Astronomy In the  
1 9 8 0 ' ~ " ~  p. 289. 
